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ABBREVIATIONS AND UNITS. 
Although all the units used in this documentation are SI units and all abbreviations 
used are standard in the engineering community, this section lists all of them together 
with their corresponding units and symbols to avoid any ambiguity. 
units symbols 
Voltage V V 
Resistance 0 R 
Capacitance F c 
Time s t 
Frequency Hz f 
Inductance H L 
Resistivity Ill m p 
Thermal conductivity Wlkrn k 
Density kg/m, p 
Electrical field stress V/m E 
Length m I 
Wavelength m )\ 
Power w p 
Temperature •c, F T 
Impedance 0 z 
Retardance 1r (radians) <I> 
Pockels effect sensitivity m/V r63 
Refractive index a ratio l1o 
Specific heat capacity J/kgK c 
Latent heat of vaporisation J/kg Lv 
Current A I, i 
Relative humidity % e 
Permittivity F/m Er 
Coupling coefficient a coefficient k 
6 
Self-inductance H L 
Mutual-inductance H M, L12 
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ABSTRACT 
This thesis describes a research investigation into novel probes for the measurement 
of ultra-fast voltage pulses with a peak value up to 500 kV, and during the course of 
the work five probes were constructed for voltages of between 60 kV and 500 kV. 
Essential requirements of the probes are that they should be immune to high-levels of 
electromagnetic noise and also isolate the measuring equipment from the high voltage 
of the test circuit. Their designs were therefore based on an electro-optic (Pockels) 
Cell rather than on an electromagnetic device. 
The first item in the probe is a capacitive divider that attenuates the high-voltage 
under investigation to the level that can be fed to a Pockels Cell. Light from a laser is 
circularly polarized and passes through the Cell, with the attenuated voltage pulse 
causing the Cell crystal to change its molecular shape. This produces a change in the 
refractive index of the crystal and the emerging light signal becomes elliptically 
polarized. After conversion into electrical form, a waveform is displayed on an 
oscilloscope that is an accurate representation of the input voltage to the capacitor. 
To test the performance of a probe requires a generator capable of producing the 
required high voltage with a very short rise time, and a number of these were 
developed for use with the different probes. Careful comparisons of the performance 
with that of several commercially available probes showed unequivocally that the new 
probes were far superior. The thesis concludes by presenting ideas for future probe 
designs and suggests what form the ultimate probe might take. 
Much of the work reported in the thesis has already been presented at maJor 
international conferences or in prestigious academic journals. 
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1. INTRODUCTION 
The ability to measure and record very accurately the voltages in pulsed power 
systems [1.1, 1.2, 1.3 and 1.4] is vital to most related experimentation. In simple 
terms, Pulsed Power usually involves the collection of electrical energy over a 
relatively long time and its subsequent rapid release in a comparatively short time. 
The term Pulsed Power now covers many diverse applications, rather than just the 
traditional situation of producing high voltages for testing transformers and other 
items of power system plant. hnportant uses today also include material processing 
(metal forming by pulsed magnetic fields), psychedelic strobe lighting, military 
ballistics and defence (e.g. radar modulators), inertial confinement, nuclear fusion, 
industrial and medical X -rays, medical power sources ( defibrillators and stimulators ), 
water purification plants and many others. 
UK establishments that presently undertake research into Pulsed Power include The 
Atomic Weapons Research Establishment, Loughborough University, Rutherford 
Appleton Laboratory, Strathclyde University, the Defence Scientific and Technology 
Laboratories, QinetiQ, Imperial College London, BAE Systems, Culham Science 
Centre (Jet Progranune in Oxfordshire) and the Engineering and Physical Sciences 
Research Council (through Higher Education centres). 
Pulsed Power is primarily an application driven activity, in which extensive 
diagnostics [ 1.5] are needed both to provide information on whether the expected 
results are being obtained and more importantly, to confirm that there exist no 
potential faults that could cause damage. An important requirement for any physicist 
or engineer working with Pulsed Power is often to know the voltage at a particular 
part of the system, and the purpose of this thesis is to present recent research into 
novel techniques of ultra-fast, very high voltage measurement that have been 
developed at Loughborough University. 
An ideal high voltage measuring system will measure the voltage as accurately as 
possible without interfering with the test circuit, and it will also be isolated from the 
display equipment [1.6, 1.7 and 1.8]. To achieve this accuracy and isolation is 
however very difficult using traditional techniques, such as the length of a spark gap 
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or electric field sensing [1.9]. In spark gaps, the distance between the electrodes and 
the properties of the dielectric medium separating them together define the voltage 
breakdown characteristics, and so together they provide a crude but visual method of 
assessing the voltage that is being produced. Field sensing uses pick up coils or 
electro-optic crystals, located near the voltage being measured, to sense the electric 
field. Although this may appear to be an ideal basis for measuring voltages, as it 
provides electrical isolation and there is no direct contact with the circuit, every time 
the sensor is moved it needs to be re-calibrated. 
The use of a voltage divider is generally the preferred technique for high voltage 
measurements, as it reduces the voltage to an acceptable level to enable a direct 
connection to be made to an oscilloscope. However, a consequence of this is that if a 
fault develops in the divider or the Pulsed Power system during use the oscilloscope 
can be damaged. Moreover, keeping an oscilloscope well away from the voltage 
source will necessitate the use of long cables, with the arrangement becoming 
cumbersome and susceptible to both transmission line effects and EMI [ 1.1 0]. 
The motivation for the high-voltage probes described in this thesis comes from the 
need at Loughborough and elsewhere to record very high pulsed voltages with a very 
short rise time accurately, simply and safely [1.11]. The probes that are described here 
all comprise a high-performance high-voltage capacitive divider connected to a 
Pockels Cell [1.12]. Such a Cell is an electro-optic crystal that exhibits the Pockels 
effect [1.13], in which the crystalline structure at the molecular level is modified 
whenever an electric field is applied, thereby changing its refractive index. As this 
change is linearly related to an applied electric field (and therefore the applied 
voltage) over a fairly wide range, and as it can be used to produce a measurable 
response, it can form a convenient basis for a voltage-monitoring device. The design 
of various capacitive dividers to reduce the voltage being measured to a level 
acceptable to the Pockels Cell is explained in Chapter 3, with the Cell and its 
associated optical components being discussed in depth in Chapter 4. 
Using an electromagnetic sensor to measure very high voltages in not only susceptible 
to EMI but it also ensures a poor bandwidth. This is because the cable that connects 
the sensor to the measuring equipment not only loads the sensor due to its high 
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capacitance, but it is also very susceptible to pickup. However if the same 
electromagnetic sensor is connected directly to a measurement system based on a 
Pockels Cell, an optical signal is produced which is virtually immune to EMI, while 
the Cell itself has such a very low capacitance that the loading effect is minimal. This 
makes the resulting probe almost immune to pickup and much safer for high voltage 
measurements as it is optically isolated. 
Obviously, designing and making high-voltage probes can form only part of the work 
described in the thesis, since they have in addition to be proved to be accurate and 
reliable at their rated voltages. The thesis therefore also deals with the design of the 
necessary high-voltage generators produced for test purposes. There are a large 
number of ways of producing high voltages, including transformers and pulsed 
transformers [1.14], Marx generators [1.15], electro-static generation (Van de Graaff 
generators), cascade circuits (Cockcroft-Walton generators), Tesla coils, transmission 
lines (pulse forming networks), exploding wire opening switches and pulse 
transformers. As there is a strong history [ 1.16, 1.17 and 1.18] of using exploding 
wires and foils at Loughborough, the initial production of high voltages was carried 
out using such techniques, as described in Chapter 5 [1.19]. However due to both the 
time spent in preparing an experiment and the complexity of the circuits that are 
required, these were later replaced by simpler techniques based on pulsed 
transformers and Cockcroft-Walton cascade circuits, as explained in Chapter 6. 
Unlike the production of high voltage pulses under DC or low frequency conditions, 
very fast rising pulses (tens to hundreds of nanoseconds) are of major concern in the 
field of Pulsed Power, as the entire experiment normally lasts for only a very small 
fraction of a second. Thus although a similar basic approach can be taken to building 
high frequency test generators, features such as the overall inductance, capacitance 
and resistance all play a very important role if a very rapid response is to be achieved. 
This can make the approach to producing high voltage fast rising pulses appear 
deceptively easy. Although it is certainly not the aim of this thesis to discuss the broad 
variations of possible high voltage generation systems, those described in Chapters 5 
and 6 are reliable and easily implemented laboratory techniques. 
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To achieve the overall aim of producing and measuring voltages up to 500 kV, the 
main theme ofthis research was broken into 4 distinct stages 
1. The development of a 60 kV probe and a 60 kV pulsed source 
2. The development of a 200 kV probe and a 200 kV pulsed source 
3. The development of a 500 kV probe and a 500 kV pulsed source 
4. Miniaturisation of the 500 kV probe. 
In general, the probes described in the thesis are required to be compact in size for the 
high voltages that they are intended to measure. Chapter 6 therefore also describes 
ways of reducing voltage breakdown and surface tracking along compact high voltage 
structures. Experimental breakdown studies have been carried out on plastics, liquids 
(oil and water) and gases (air), and data from these has been applied in designing the 
probes. 
Overall the thesis covers a wide area of voltage production and measurement 
techniques and the belief is that it provides a valuable contribution to Pulsed Power 
measurement techniques. A number of both academic journal and conference 
publications have been produced during the course of this research and these are 
listed in Section 11.8. 
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2. VOLTAGE DIVIDERS 
Voltage dividers are simply attenuators that reduce the input voltage by their 
attenuation ratio. Different types of dividers are available, depending on the 
characteristics of the voltage that is to be measured, with various different 
possibilities for use at high pulsed voltages being described in the following Sections. 
2.1. Types of divider 
Voltage dividers can conveniently be divided into two categories: passive and active, 
of which the passive versions are much the more important for use in high-voltage 
research [2.1, 2.2, 2.3]. 
Passive dividers contain only elements such as capacitors, resistors and to a much 
lesser extent inductors, with the main advantage of all these components being their 
relatively low cost. Active dividers on the other hand include more expensive 
components such as semiconductors, although they normally have a very fast 
response [2.7]. They are however not available for almost any high-voltage 
measurements, as the devices commercially available cannot provide adequate voltage 
isolation and the cost of making devices that can work at very high voltages is 
prohibitive [2.4]. 
High-voltage dividers have to attenuate the input signal to a level that enables it to be 
displayed on an oscilloscope or other measuring device, using either a resistive, 
capacitive or resistive/capacitive network. A divider consists essentially of two series-
connected impedances Z1 and Zz, to which the input voltage is applied, with the 
output voltage being taken from across the impedance Zz. The attenuation ratio is then 
simply a constant that depends on the ratio of Z1 to Z2, as long as these are affected 
equally by any changes of voltage, temperature and frequency. Since the divider must 
not significantly load the voltage source, its input impedance must be very much 
greater than the impedance of the source [2.5, 2.6]. 
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2.2. Resistive voltage dividers 
This Section covers both purely resistive and mixed resistive/capacitive voltage 
dividers. Fig 2.2.1 shows the basic resistive divider, consisting of two senes-
connected resistors R1 and R2 with R1 usually being much greater than R2. 
Fig 2.2.1 - Resistive Divider. 
The output voltage of the divider is clearly given by: 
V2= R2 X VI (2.2.1) 
R.+IU 
while the attenuation ratio a is defined as the ratio of the measured voltage V 2 at the 
low voltage output terminals to the input voltage V 1 or 
1 
1 R, +-R, 
which clearly must be less than unity. 
(2.2.2) 
The resistor R2 is in parallel with the input impedance of the measuring device, which 
may adversely affect the attenuation ratio, and the terminal impedance of an 
oscilloscope is typically a 1 MO resistor in parallel with a capacitor of about 20 pF to 
60 pF. The ohmic loading can be ignored in most measurement applications, except if 
the circuits (R2 of the divider and the input impedance of the oscilloscope) are 
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matched. However this is not so for the capacitive loading, which may cause the 
attenuation ratio of the divider to become frequency dependant. 
Resistive dividers are ideal attenuators for either low voltage DC or low frequency 
input signals, where they will often have an error of no more than a small fraction of 
one percent. In practice however, the impedance of the resistors will change at high 
frequencies, thereby adversely affecting the attenuation ratio. Additionally, when high 
voltages are to be measured the resistive elements themselves normally have to be 
made physically large, to enable them to hold off the voltage without any breakdown 
or flashover, causing their capacitance to ground to become more significant and 
leading to errors in the attenuation ratio. An additional problem with resistive 
dividers is that the resistances change with temperature, and compensation for the 
temperature coefficient of resistance may sometimes be necessary. 
Although specialised resistive dividers can be made to withstand high voltages, and 
still be physically quite small, once high frequencies are being measured the response 
of such dividers rapidly deteriorates. At high frequencies, even the smallest effect of 
stay capacitance will change the attenuation ratio, as most of the current in the divider 
will flow though this capacitance and thereby introduce an error. In addition to this, 
the impedance of a resistive divider can impose an appreciable loading on the source 
being monitored, especially if it a high impedance source. Although there are a 
number of ways of attempting to improve the performance of such dividers (e.g. 
connecting many resistive dividers in parallel or using a high value of R1), these soon 
lead to impractical and expensive arrangements if they are to be portable and to have 
the capability of being connected to any system. Another way of improving the high-
frequency measurement performance is by connecting a capacitive divider element in 
parallel with the resistive element, as shown in Fig 2.2.2. During low frequency 
measurements most of the current then flows through the resistive element, while 
under high frequency conditions most of it will flow through the capacitive element. 
By adding the capacitive element the stray capacitance as such has been defined and 
taken into account, and its design therefore becomes a matter of some importance. 
It is a relatively straight forward matter to demonstrate (see Appendix 11.6) that in the 
compensated voltage divider circuit shown in Fig 2.2.2 the condition R1 C1 = RzCz has 
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to be satisfied if the attenuation factor is to be independent of frequency. When this 
condition applies then, ideally 
(2.2.3) 
which is clearly independent of frequency. 
v1 
Fig 2.2.2 - Compensated resistive voltage divider. 
In view of the problems outlined above, it is undoubtedly worthwhile considering an 
alternative to the use of either the two resistor or the compensated arrangement when 
the divider is to be used only for pulsed measurements. 
2.3. Capacitive voltage dividers 
The previous Section mentioned how the characteristics of a resistive divider for high 
frequency measurements can be improved by the addition of a parallel capacitive 
branch. It may therefore be convenient under certain conditions to consider omitting 
the ohmic branch completely. The attenuation ratio of an idealised capacitive divider 
is obviously independent of frequency and it thus appears to provide an ideal device 
for fast pulse measurement. In practice however the resistance of the leads connecting 
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it to both the voltage source and the display device, together with various stray 
inductances and capacitances, will all produce a limitation on the divider bandwidth. 
In the basic arrangement of a purely capacitive divider shown in Fig 2.3.1, the high-
voltage arm is represented by the capacitor Ct. whose dielectric must be designed to 
withstand almost all the full voltage to be measured. 
Fig 2.3.1 -Capacitor voltage divider neglecting ground capacitances. 
The output voltage V 2 is obtained across the low voltage capacitor C2. In the case of 
ideal capacitors, the corresponding attenuation ratio is constant and independent of 
frequency and is given by 
V: c 
a=-2 = ' 
1'; C, +C2 
1 
1 c2 +-
c, 
(2.3.1) 
where C1 is much smaller than C2, but will have to withstand a much greater voltage 
in many pulsed power applications. 
In many practical situations, capacitive dividers are designed as an integral part of the 
actual high-voltage circuit, and by thus avoiding any high-voltage leads the 
measurement of very fast impulses becomes possible. The lower frequency limit of a 
capacitance divider circuit may be calculated from the loading effect provided by the 
oscilloscope input resistance, its cable and the value of the capacitor C2, if the divider 
is connected directly to the oscilloscope. The upper frequency limit is determined by 
the natural frequency of the divider and its leads, and if these are kept as short as 
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possible, with a very small inductance, the upper frequency limit can occur at around 
200 MHz for very high voltage dividers. 
One problem experienced with most commercial high-voltage dividers arises from the 
fact that they are very often directly connected to the recording oscilloscope, and if a 
fault occurs in the divider the oscilloscope could become damaged and the user 
injured. This is one of the main motivations for the novel measurement system 
described in this thesis, in which the voltage divider is combined with an opto-
electronic arrangement to provide electrical isolation. 
2.4. Rise time and bandwidth 
A problem that can arise when measuring fast transient signals is an unwanted ringing 
in the measurement system. A practical voltage divider (either resistive or capacitive) 
effectively forms a simple L-C-R circuit, and as such it may have to be damped if the 
input voltage signal induces high frequency oscillations in the output. Obviously once 
a suitable value of resistance is chosen the divider needs to be re-calibrated, as the 
damping resistor will clearly change the attenuation ratio. 
Fig 2.4.1 shows the measured output response of a commercial oscilloscope probe 
when different values of damping resistance are connected in series with the input 
lead, while measuring a 1 kV input step. It is evident from the figure that the probe 
response can readily be changed from under damped to over damped. The probe 
considered is a PKM 621 (manufactured by PKM, Germany), a compensated 2 kV 
resistive/capacitive divider with an attenuation ratio of 100 and a quoted rise time of 
0.8 ns. The resistance to be used depends on the source being measured, but it must 
clearly have a low inductance. Unfortunately, including any resistance at all will 
clearly worsen the time response of the probe. 
The divider rise time (t,) is conventionally defined [2.1] as the time taken for the 
output response to rise from 10% (time tt) to 90% (time !z) of the steady-state voltage, 
following the application of a step input voltage. Thus from Fig 2.4.1, the rise time 
(with R1 = 0) can be obtained as just under 1 ns, confirming the 0.8 ns figure quoted 
by the manufacturer. Mathematically, the rise time of a divider is determined by 
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assuming that at high frequencies it can be represented by a simple low-pass fi lter of 
resistance R and capacitance C. Under these conditions the output voltage V(t) is 
given by 
V (t) = A( l-e Re ) 
where A is the final value of the voltage, 
At time t 1 the output voltage is: 
or 
ln 0.9 = - t , , giving t1 = 0.11 RC. 
RC 
Similarly, at time t2 it can be shown that t2 = 2.30 RC. 
When the response time tr is defined as tr = t2 - t1 
then tr = 2.3 RC - 0.11 RC = 2. 19 RC. (2.3.2) 
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Fig 2.4.1 - PKM probe response to a 1 kV step input pulse, w ith different damping 
resistances. 
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The rise time of a divider can also be related to its upper frequency limitation (the 
upper - 3dB point, defined as fJbs), by noting that at this frequency the impedances of 
the resistor and the capacitor are equal and that the amplitude of the output voltage 
has fa llen to 50 % of its initial amplitude. 
Thus at f3bd, R = --1--
2nCf3d8 
From equation 2.3 .2, RC = _ tr_ . 
2. 19 
and by combining equations 2.3.3 and 2.3.4 it follows that 
t = 0.35 r --
f JdB 
(2.3.3) 
(2.3.4) 
(2.3.5) 
The result of equation 2.3.5 is not only widely used for vo ltage dividers but also with 
a large proportion of other electrical and electronic products that need rise times to be 
specified. Strictly, the definition only appl ies in cases in wruch the step response 
reaches its final value in the shortest possible time without any noticeable overshoot, 
which is defined as a Gaussian system. However, an acceptable overshoot is defined 
as about 5% to 10 % [2.11, 2.12] of the final steady state amplitude, as indicated in 
Fig 2.3.4. 
V(t) 
A Overshoot = B/ A x I 00 % 
t 
Fig 2.3.4 - Definition of percentage overshoot. 
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In a practical situation, the overshoot has to be limited to about 10 % of the final 
steady state value for equation (2.3.5) to be meaningful. However, the user has to 
decide how much overshoot to allow [2.8], because in general a lower rise time 
divider will be more prone to overshoot as stray inductance becomes increasingly 
signjficant. According to equation (2.3.2), a lower rise time will require a probe to 
have a small input capacitance and damping resistance (if any), making it more 
susceptible to stray inductance and increasing the overshoot. If the divider is 
considered to have a stray inductance L (in series with its capacitance), the response 
becomes that of a second-order system, when the series resistance necessary for 
critical damping can be calculated from 
R=2~ (2.3.6) 
although in practice the coefficient 2 may be increased to as much as 3 or 4 depending 
on how much damping is required. The added resistance will clearly affect both the 
attenuation ratio and the rise time, and calibration should therefore only be performed 
once the value of the resistance has been chosen. Generally speaking however, a 
commercial voltage measuring system should be slightly under-damped (2.12), 
calling for a reduced value of resistance, if it is not to be too slow for use in many 
app lications. 
The lower - 3dB frequency of any resistive or capacitive divider is highly dependant 
on the loading effect on the output stage (R2, C2 or R2C2) provided by the 
instrumentation fed by the divider, and it occurs typically at a frequency of a few 
Hertz for a well designed system. (Chapter 8 looks in greater detail at the loading 
effect provided by connection of a divider to an oscilloscope). 
In practice therefore the bandwidth of a well designed divider is very close to the 
frequency of the upper - 3dB point, and equation 2.3.5 can be written without 
. d . . 'fi 0.35 mtro ucmg any stgnJ 1cant error as lr = ----
bandwidth 
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3. LOUGHBOROUGH CAPACITIVE HIGH VOLTAGE 
DIVIDERS. 
For the reasons explained in the previous Chapter, a capacitive voltage divider was 
chosen as the basis for the present project and a range of such dividers was produced 
that were suitable for input voltages of 60 kY, 200 kY and 500 kV. A lOO kV divider 
was also developed for use in an entirely different investigation. 
The material adopted for the first three dividers was ultra high molecular weight 
polythene (UHMWPE), which is extensively used in the medical industry for making 
artificial joints. However, it possesses the following valuable properties that are 
relevant to the present investigation: 
1. An electric breakdown stress of about 50 kV/mm under DC conditions and up 
to 110 kY/mm under pulsed conditions, as experimentally measured in 
Chapter 6.8. The manufacturer however claims an electric breakdown stress of 
only 70 kV/mm under unspecified pulsed conditions. 
11. A relative permitivity of2.3 that remains constant at temperatures up to 80°C. 
111. It is easi ly machined yet has a high impact strength. [3 .I] 
1v. The moisture absorption is only 0.001% when immersed in water for 24 hours. 
v. A volume resistivity of 1015 flcm3• 
vt. A low coefficient of linear thermal expanston of 2 x 10-4 and a thermal 
conductivity of0.41 W/km. 
The base material for UHMPWE is polyethylene (PE), which is CH2--CH2 at a 
molecular level. This is a polymer chain composed of shorter chains of-[ -CH2--CH2-
]n-, and if these join to make the randomly branched chain shown in F ig 3. l (a) the 
result is low-density polyethylene (LDPE). The multiplying factor n is difficult to 
contro l, and the different lengths of the -[CH2--CH2]- chains that are obtained lead to 
different sized molecules. Although during manufacture factors such as temperatures, 
humidity and catalysts can all be used to provide some control over n, for most 
applications of LDPE their introduction greatly increases the overall cost. Since the 
molecules are of different shapes they cannot pack together well and the result is 
22 
LDPE wi th a density of about 0.91 - 0.93 g/cm3. LDPE was the first kind of PE to be 
developed and it is still extensively used for plastic bags and packaging film. If on the 
other hand the short chains join in a line to make the linear polymer shown in Fig 
3.l(b), the result is a high density polythene HDPE with a molecular mass in the 2 x 
105 to 5 x 105 region. These materials have a density of 0.96 - 0.97 g/cm3 and are 
commonly used to make bottles, water and gas pipes. It is known that the higher the 
molecular weight the better are the wear prope rties of the material [3.2, 3.3], and that 
by adding more linear chains rather than more densely packing the molecules a 
molecu lar mass in the region of 3 x 106 to 107 can be obtained . This is termed ultra 
high molecular weight polythene (UHMWPE), and is illustrated in Fig 3.1(c). The 
linear chains are however now so long that they become tangled and cannot arrange or 
pack themselves neatly, leading to a slightly reduced density of0.94- 0.95 g/cm3. 
A molecule of branched polyethylene, or LOPE 
Fig 3.1 (a) - Structure of LDPE. 
A molecule of linear polyethylene. or HOPE 
Fig 3.1 (b) - Structure ofHDPE 
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Fig 3. 1 (c) - Structure ofUHMWPE. 
One of the unfortunate properties of UHMWPE for many appLications is that in its 
molten state it is highly viscous. lt cannot therefore be moulded into any desired 
shape and instead needs to be squeezed into bars and thick sheets at high pressure, and 
the shape required then fabricated by machining. This however makes it very suitable 
for the present research and all the di viders described in later Chapters of this thesis 
were machined from rods ofUHMWPE (other than the 100 kV divider of Section 3.5 
for which acrylic was used). 
3.1. 60 kV Capacitive voltage divider 
Although it is easy to draw and design a vo ltage di vider using a CAD package, it is of 
course essenti al that any proposed design can subsequently be manufactured. Thus 
although some des igns in this thesis may appear to be somewhat non-optimal, the ir 
design process was always undertaken in consultation with the technicians w ho were 
later to manufacture the component. In addition to this, the limitations of too ls have to 
be taken into account, because for high vo ltage systems an approach that curves a ll 
the surfaces is usually fo llowed, but sometimes the too ls that are available may force 
a re-design or even a change in the material that is used. 
The fi rst divider designed during the research programme was intended for use with a 
max imum input pulse voltage of 60 kV. It was designed and s imulated w ith the use of 
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a finite element package (Quickfield), to ensure that no breakdown will occur due to 
excessive electric fie ld stress either internal or external to the divider. 
Fig 3.1 .1 shows the schematic of the final geometric form adopted for the 60 kV 
divider. The high vo ltage capacitor (C1) is formed by the 5 mm central copper rod, the 
UHMWPE and the copper jacket, and the low voltage capacitor (C2) by the copper 
jacket, 7 layers of 100 J.!m thick Melinex (which has a high surface resi stivity of 1013 
0 m and a relative electric permittivity of 3.2) and the surrounding copper foil. 
Melinex is the trade name given to polyethylene terephthalate films produced by Hi 
Films Ltd (UK), in thicknesses of a few pm to mm. In addition to this, the film is 
produced in rolls of any length and widths as per specification. Although the film is 
very thin, it is also very resilient, with a very high electric breakdown strength. Table 
3.1.1 shows the breakdown vo ltage for typical film thicknesses as provided by the 
manufacturer, who states that the breakdown experiments were carried out at 50 Hz 
and a temperature of 25 °C. 
Melinex thickness Breakdown voltage 
{J.tm) (kV) 
12 4.8 
19 6.1 
23 6.4 
36 8.3 
50 10 
75 12 
125 16 
Table 3.1 .1 - Breakdown voltage for different thicknesses ofMelinex. 
It is clear from Fig 3 .1. 1 that the divider has coaxial symmetry, which both maximises 
its performance, as effects such as stray capacitance are reduced, and helps to 
minimise the effects ofEMI (due to the shielding resulting from the symmetry). A 5 
mm axial ho le was drilled in the UHMWPE to accommodate the copper rod. However 
Fig 3.1.1 shows that this has a hemispherical end to reduce the electric field 
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27.5mm 
hole down 
---tli-- centre of the rod 
UHMWPE 
0.2 mm thick cmme:v--
cylindrical jacket 
Layers of Melinex 
between copper 
foil and jacket 
~0.2 mm thick 
copper foil 
Fig 3.1.1 - Schematic of 60 kV capacitive voltage divider. 
stress, and this shape cannot be reproduced faithfully by a drill bit. Thus once the hole 
has been drilled and the rod inserted, it is important to ensure that no residual air gaps 
remain. Air breaks down at about 3 kV /mm and any voids that remain at this crucial 
point of the divider could breakdown during use and so damage the material from the 
inside. To prevent this problem arising a 1 mm hole was drilled along the centre of the 
entire length of the copper rod and, before inserting the rod into the UHMWPE, 1 cm3 
of synthetic oil (Loctite Super Lube) was poured into the 5 mm axial hole. When the 
copper rod is introduced into the UHMWPE, the 1 mm central hole allows any air to 
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escape that has been displaced by the oil. Otherwise the build up of hydraulic pressure 
would prevent the rod from reaching the bottom of the hole and possibly also crack 
the UHMWPE. The oil fills any gaps that are left due to the drilling and as it only 
breaks down at a quoted stress of 75 kV/mm it will not be damaged under the voltage 
for which the divider has been designed. 
The copper that surrounds the UHMWPE has to be tightly wrapped to prevent any 
occluded air that would change the capacitance C2 and therefore alter the attenuation 
ratio. For this reason the UHMWPE was surrounded by the tightly fitting cylindrical 
copper jacket shown in Fig 3.1.1 that has the same diameter as the adjacent 
UHMWPE. The finned geometry helps to increase the surface length from end to end 
of the probe and thus the overall diameter can be reduced as the surface length can 
hold off 60 kV very adequately. 
Fig 3.1.2 shows the electric field distribution in the divider as simulated by the finite 
element software. This package allows the divider to be very easily designed, and 
many complex geometries were in fact considered before the final design was 
produced. The software also has the ability to calculate accurately the capacitance of 
both C1 and C2• The design of the divider is such that at no point does the electric 
field stress exceed 24 kV/mm internally and 2.5 kV/mrn externall y, when a pulse of 
60 kV is applied. The maximum internal electric field in the UHMWPE occurs near 
the end of the 2.5 mm radius copper rod, and at 60000 = 24 kV/rnm it has a very 
2.5 
conservative value compared to manufacturer's quoted figure of 70 kV/mm and the 
experimentally measured breakdown strength of 110 kV /mm (see Chapter 6.8). 
Once the length of the centre rod is fixed, changing the number of layers of Melinex 
will change C2 and enable the attenuation ratio to be set to the value of 35 that ensures 
that a maximum voltage of only 1.8 kV is fed to the Pockels Cell (see Chapter 4) 
when the divider is subject to a 60 kV pulse. 
The input capacitance of the divider C1, was confirmed in the following two ways: 
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1) The finite element package has the capability to determine the capacitance of 
complex structures and also to take into account fringing effects. The 
postprocessor allows the user to select the electrodes and the dielectric 
material and then uses stored energy considerations to calculate the 
capacitance, which was determined in this way as 2.13 pF. 
2) The attenuation ratio of the divider was measured as 35 : l, when a known 
magnitude pulse was applied at the input. The capacitance C2 can be 
accurately measured as 77 pF, as it is much larger than C~, and the two 
measured figures can be used in equation 2.3.1 to give the value of C1 as 2.1 
pF. The value of C2 according to the finite element software was 76.82 pF. 
With a capacitance of just 2.1 pF, the divider wi ll provide negligible loading effect on 
any test circuit. 
Electric field stress lines in and around the divider when the applied voltage is 60 kV 
are shown on the left-hand side in Fig 3.1.2, while in the right-hand side the field 
stress is shown as coloured blocks, with the legend underneath. 
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0 000 0.213 0 426 0.639 0 852 1 065 1 278 1 491 1 704 1 917 2 130 
Sttefl!1h 
E (101vtm) 
Fig 3.1 .2 - Electric field strength in and around the divider, simulated at 60 kV. 
The attenuated voltage from the divider is fed to the input terminals of the Pockels 
Cell, and since thi s has an input resistance of 46 Gn (experimentally derived in 
Chapter 7. 1) and a low input capacitance of less than 4 pF (value provided by the 
manufacturer) it provides a very small load on the di vider. In addi tion, the leads that 
connect the Pockels Cell to the vo ltage divider have to be both as short as possible 
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and as close together as possib le to reduce their effective inductance. Without these 
precautions, the upper bandwidth limit of the probe will be reduced. Fig 3.1.3 
illustrates how the leads from the ends of the di vider are connected to the Pockels 
Cell. 
Fig 3.1.3 - Connecting the 60 kV divider to the Pockels Cell 
Fig 3. 1.4 shows the measured response of the divider to be 1.8 ns when it is connected 
across the output of the 1 kV ultra-fast pulser described later in Chapter 5.1. For 
comparative purposes a PKM 62 1 osci lloscope probe with a quoted ri se time of 0.8 ns 
and 400 MHz bandwidth was also connected in parallel with the divider. In addition 
to this, the 60 kV di vider has a very low inductance 100 0 resistor in series for 
damping purposes, which gives the shortest possible rise time without the overshoot 
exceeding 10 % (see Chapter 2.4). Fig 3.1.4 shows the response of the probe with the 
1 00 0 resistor in place the rise time of the divider is 1.8 ns. Both measurements were 
carried out using a 1 GS/s oscilloscope wi th an analogue bandwidth of 500 MHz. In 
figure 3. 1.4 the pulse reaches a peak voltage of 1 kV. As the attenuation ratio of the 
PKM probe is 100, it measures the voltage as 10 V and the 60 kV divider with an 
attenuation ratio of 35 measures it as 28.5 V. In all the figures the rise time can be 
determined by calculating the time for the voltage to rise from 10 % to 90 %. 
It is important to note that the PKM probe is designed to measure onJy voltages up to 
2 kV and thi s is why it appears to have a better performance than the 60 kV divider. A 
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2 kV divider designed using the methods described above would however be very 
much smaller than the present 60 kV divider and it would therefore have a much 
faster rise time(- 400 ps) than the PKM probe. 
The Pockets Cell wi th its optical components and the vo ltage di vider together form 
the voltage probe, and results from the high voltage testing of all the probes detailed 
in this thesis are given later in Chapter 7. 
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Fig 3.1.4 - Rise time of60 kV divider compared with that of the PKM probe, when 
connected across the ultra-fast pulser. 
3.2. 200 kV Capacitive voltage divider 
The second voltage divider to be produced was the 200 kV design shown is Fig 3.2.1. 
Ln this the capacitor C 1 is formed by the 12.7 mm diameter central copper rod, the 
UHMWPE and the layer of copper paint and fo il (the reason for the use of copper 
paint is explained later in this Chapter). Capacitor C2 is formed by the copper paint 
and foil, layers of Melinex and the 0.2mm thick outer copper foil. As before, the 
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200000 
maximum internal electric field occurs near the tip of the copper rod and at 6.35 
31.5 kY/mm it is again very much below both the manufacturer's quoted breakdown 
strength of70 kY/mm and the experimentally value strength of 110 kY/mm. Fig 3.2.2 
shows the electric field stress in and around the probe. 
Threaded PVC 
guard ring 
20mm 
thickness 
Fig 3.2.1 - Schematic diagram of the 200kV capacitive vo ltage divider 
As in the 60 kY divider, a small hole provided along the axis of the central copper rod 
and the central hole in the UHMWPE is filled with 2 cm3 of synthetic oil before the 
copper rod is inserted. 
In many ways the design of the 200 kV divider is similar to that of the 60 kV divider. 
However its surface does not have the finned geometry that was used previously to 
increase the surface path length of the 60 kY divider, and so to reduce the chances of 
surface tracking. During simulation of the 200 kV divider it was found that, rather 
than making it of the earlier shape, the diameter alone was almost sufficient to prevent 
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any surface arcing. However, as a precautionary measure, a PVC shield is threaded 
onto the divider, as shown in Fig 3.2.1. The shield also acts as a support, helping to 
position the probe in place. 
0.000 0.968 1 936 2 904 5 200 9 100 14.310 18 200 22.000 26 010 30 900 Strength 
E (1Wv/m) 
Fig 3.2.2 - Electr ic field stress in and around the 200kV divider, simulated at 200 kV. 
To maintain the capacitance of the low vo ltage capacitor, that part of the UHMWPE 
where the copper foil wraps around the layers of Melinex is painted with copper 
doped conducting paint. In the 60 kV divider a copper jacket was forced on to this 
section of the UHMWPE to ensure that as little ai r as possible remained between it 
and the copper pipe. However the size of the 200 kV divider is far too large to allow a 
similar procedure to be successfully followed here, and the use of conducting paint 
was therefore adopted. Since the molecular structure of polythene does not allow the 
paint to adhere easi ly to it, a thjn layer of conformal spray (a coating specially 
developed to allow materials to adhere to a polythene surface) had to be applied 
initially to allow the paint to adhere. The paint itself is doped w ith 70% copper and is 
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usually used for providing RF shields around difficult shaped structures. It also has a 
resistivity of 0.7 0 m, giving it a very good overa ll conductivity once a number of 
coats has been applied. When the paint has dried, lhe fust copper foil can be wound 
on, followed by the layers of Melinex and finally by the second copper foil that 
provides the conunon earth connection shown 1n Fig 3.2.1. 
Using the methods described in Chapter 3.1, the value of C 1 was calculated as 3.92 
pF, and that of C2 as 0.45 nF. The attenuation ratio is 115 : l to provide the required 
output of 1.8 kV at rated input voltage. High-voltage test results for the probe will be 
found latter in Chapter 7 .2. Tests were however again carried out on the divider alone, 
with the input fed from the lkV ultra-fast pulser of Chapter 5. 1. 
A low inductance damping resistor of200 0 connected in series with the divider gave 
it the shortest possible rise time without the overshoot exceeding 10 %, a value again 
determined by the method of Chapter 2.4. Measurements using a 1 GS/s osci lloscope 
indicated that the rise time of the divider was less than 3 ns, as shown in Fig 3.2.3, 
with the increase in its physical size inevitably leading to a rise time greater that that 
of the 60 kV divider. In Fig 3.2.3 the pulse reaches a peak of 1150 V and with an 
attenuation ratio of 11 5, the 200 kV divider records it as 9 V. 
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Fig 3.2.3 - Rise time of the 200 kV divider. 
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3.3. Prototype 500 kV Capacitive Voltage Divider 
The 500 kY divider was designed in a generally simi lar way to both the 60 kY and the 
200 kV dividers. However, one major difference is that the high-voltage section is 
immersed in Castrol insulating oil (as shown later in Fig 3.3.5.) It is standard 
scientific and industrial practice for components working at such levels of voltage to 
be immersed in oil, to prevent dirt from accumulating on any of the surfaces that 
might a llow surface tracking. 
As before, the 12.7 mm diameter central copper rod, the UHMWPE and the copper 
paint and foil form the first capacitor C1, while the copper paint and foil, the layers of 
Melinex and the 0.2 mm thick copper foil comprise the second capacitor C2, as shown 
in Fig 3.3.1. The maximum internal electric field stress at the tip of the central copper 
rod is now 500•000 = 78.7 kV/mm, as is evident from both Figs 3.3.2 and 3.3.3. 
6.35 
Although this value is high compared with that of the previous dividers, it is still well 
below the experimentally determined breakdown value of about 110 kV/mm. 
The input capacitance of C1 is 5 pF (measured with a pico farad meter and calculated 
with the finite element software) and the value of C2 was determined to be 1.4 nF by 
the methods described in Chapter 3.1. The divider is designed to have an attenuation 
ratio of 280 : 1, with the increase in its physical size again being responsible for the 
increase in the rise time. Once again at the time due to the diameter of the structure, a 
finned geometry was difficult to machine. 
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Fig 3.3.2 - Electric field stress in and around the probe, simulated at 500 kV. 
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Fig 3.3.4 - Measured rise time of the 500 kV prototype divider. 
Fig 3.3 .4 shows the measured (10% - 90 %) rise-time of the prototype 500 kV probe 
to be about 5 ns, a result again provided by a 1 GS/s oscilloscope and with the probe 
connected across the pulser described in Section 5.1. The pulser has a rise time of 
about 800 ps but the result in Fig 3.3.4 is obviously limited mainly by the 5 ns rise-
time of the prototype 500 kV probe. 
Fig 3.3.5 - The inside of the 500 kV prototype divider. 
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Figure 3.3.5 show the divider immersed in Castrol oil, with an extended HT lead to 
assist in making connections. A 200 0 low inductance damping resistor is shown 
connected in series with the copper rod and the HT lead to give the divider the same 
response as the previous designs (i.e. the shortest possible rise time without the 
overshoot exceeding 10 %). 
Fig 3.3.6 - Prototype 500 kV .from outside. 
(A 20 cm long ruler is in the .front of the divider). 
Fig 3.3.6 shows the 500 kV divider on its stand, ready for connection to a high 
voltage system. 
3.4. 500 kV Miniaturised capacitive voltage divider. 
A second 500 kV divider was developed to study the effect of miniaturising the 
previous high voltage divider. Like the prototype divider, this was designed for use 
with capacitor Ct immersed in oil, and a schematic of which is shown in Fig 3.4.1. 
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Fig 3.4.1 - Schematic diagram ofthe miniaturised 500 kV divider. 
Oil 
One maJor change from the design of the prototype divider is that the centra l 
conductor is now increased in diameter to 25.4 mm, thereby reducing the electric field 
at the tip to almost one half of the earlier figure. The maximum value therefore is now 
only SOOkV = 39.4 kV/mm, as shown in Fig 3.4.2 and 3.4.3. The disadvantage of 
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increasing the size of the conductor is that the capacitance cl becomes larger; 
however the structure of this divider is such that the 25.4 mm conductor does not go 
too deeply into the UHMWPE, thereby cancelling out the increasing capacitance 
effect. A second major change is the re-introduction of the finned surface geometry, 
which was necessary due to the much reduced axial length of the miniaturised divider. 
The fins help to increase the path length, thereby reducing any risk of surface 
tracking. 
An alternative way of counteracting the effect of the increased capacitance C 1, would 
be to increase the thickness of the dielectric between the electrodes for C1, but this 
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would not be in keeping with the aim of producing a compact divider. A maximum 
input capacitance C1 of 3 pF was therefore selected, and the structure shown in Fig 
3.4.1 was designed around this value. The corresponding capacitance C2 to give a 1.8 
kV output voltage was 840 pf. Both values were determined using the methods 
described in Chapter 3. 1. As in previous dividers, capacitor C2 is formed by copper 
paint with a surrounding single copper sheet, layers of Melinex, and finall y by a 
second copper sheet. 
Fig 3.4.2 - E lectric fi eld stress in and around the miniaturised divider, simulated at 
500 kV. 
Fig 3.4.3 shows the divider housed in its plastic oi l container. A HT lead (15 mm 
wide and 80 mm long) extends from the 25.4 mm diameter central copper to allow the 
divider to be COJmected easily into difficult situations. A low inductance 200 n 
resistor again connected in series with C1 gives the shortest possible ri se time without 
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the overshoot exceeding 10 %. The width of the extension lead helps to keep the 
inductance low, and as it is not immersed in oil it is surrounded with the 50 layers of 
Melinex and the 2.2 mm thick PVC pipe evident in Fig 3.4.5. The oil container and its 
lid are threaded with pitches of 2 mm and 5 mm respectively as shown in Fig 3.4.5 
again to increase the surface length and thereby to reduce any chances of surface 
tracking. 
Fig 3.4.3 - Ariel view of the miniaturised 500 kV divider, showing the HT lead and 
damping resistor. 
Fig 3.4.4 - Ariel view of miniaturised 500 kV divider, showing the insulation 
surrounding the HT extension lead. 
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Fig 3.4.5 - Ariel view of miniaturised 500 kV divider, showing oil container, lid and 
threading to increase the surface length. 
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Fig 3.4.6 - Step function responce of the miniaturised 500 kV divider. 
When the d ivider was fed from the pulser of section 5.1, the measured rise time 
obtained using a 1 GS/s osci lloscope was j ust 3 ns as is clear from Fig 3.4.6. Table 
3.4.1 compares the performance of a ll the dividers described so far in this chapter. 
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The lower bandwidth frequencies given in the table are derived by using equation 
6.1.5 and assuming that the divider is attached to the Pockets Cell. The higher 
bandwidth frequencies are derived from equation 2 .3.4. 
Divider Rise Time (ns) Bandwidth 
60kV 2 4Hz- 175 MHz 
200 kV 3 3Hz- 117MHz 
Prototype 500 kV 5 2Hz -70 MHz 
500kV 3 2Hz -117MHz 
Table 3.4.1 - Characteristics of dividers. 
The table illustrates clearly the trend that the larger the divider the longer is the rise 
time that can normally be expected. However when the miniaturised 500 kV divider 
was produced its ri se time was lower. Although it is important to reduce the size of a 
divider if a high performance is required, the reduction that can be achieved will 
generally be limited by the magnitude of the voltage that is to be measured. 
Even though the high voltage input capacitances C1 of the dividers described in this 
Chapter are all small, evidence of problems (i .e. change of attenuation ratio) caused 
by stray capacitance was not found when using them in conjunction with the test 
generators described later in Chapters 5 and 6. 
3.5. 100 kV Capacitive voltage divider for HEffiE contract. 
A special purpose capacitive divider was designed for use in a High Energy Ion Beam 
Engineering (HEffiE) proj ect under the INCO-Copemicus European Programme 
CT97-0705. This formed part of a research activity being carried out jointly by 
Loughborough University and the Ecole Polythecnique at Lozer, France. 
The main aim of the project was to measure accurately voltages in a plasma focus 
device that had been built at the Ecole Polythecnique. In such a device, measuring the 
voltage at the anode tip is necessary in order to clarify various phenomena occurring 
in the pinching zone. The usual technique consists of attaching a resistive divider to 
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the end of the anode, but this clear.ly affects the measured result as it provides an 
unwanted load on the anode. 
The voltage to be measured is produced by a very low pressure modified plasma 
focus, where the sheath is created by plasma guns and a special geometry induces a 
plasma opening switch effect at the end of the run-down phase. Disruption of the 
current carrying sheath induces a voltage spike (an opening switch phenomena), 
which must be accurately measured to be correlated with observations of high kinetic 
energy ion emission. Voltages of up to lOO kV were predicted theoretically and the 
special purpose capacitive voltage divider shown in Fig 3.5.1 was designed and 
manufactured for their measurement. However the Pockels Cell normally used at the 
divider output was replaced by an osci lloscope probe. All the work was carried out at 
the Laboratoire de Physique at Technologie des Plasmas at Ecole Polythechnique, 
using only readily avai lable material. 
Fig 3.5.1 - Schematic diagram ofthe 100 kV divider. 
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The divider is made of acrylic and has the simple physical design shown in Fig 3.5.1. 
At 30 kV /mm, the breakdown strength of acrylic is much lower that that of 
UHMWPE and the divider is correspondingly larger. The finned geometry again 
increases the path length, so that problems of surface tracking are reduced. 
Capacitor C1 is formed by the T -shaped 52 mm diameter copper disc, the acrylic and 
the solid 32 mm diameter copper rod, and capacitor C2 by the 32 mm diameter copper 
rod, layers of Melinex and the 1 mm thick copper tape. As previously, about 10 mm3 
of oil was added before inserting the 32 mm diameter copper rod into the acrylic. 
There was obviously no need to round off the 32 mm diameter copper rod, because its 
very large diameter had already reduced the strength of these surrounding electric 
field. The oscilloscope probe was connected across this capacitor C2. Fig 3.5.2 shows 
the electric field stress in and around the divider. The maximum electric field stress 
inside the divider is only about 6 kY/mrn, due to the large diameter of the rounded 
central electrode that was used. The input high voltage capacitance C1 was 4 pF, and 
for a measured attenuation of 1,000 : 1 the value of C2 was determined as 4 nF using 
the method described in Chapter 3.1. 
Due to a lack of time, thorough testing could not be undertaken on the divider alone 
as the priority was to obtain results from the plasma focus device. The experimental 
results presented latter in Chapter 7.5 (Fig 7.5.2) thus show a comparison between the 
lOO kV capacitive divider, the resistive divider and an ion detector probe, when taking 
measurements at the same part of the plasma focus machine. The theoretically derived 
values for C1 and C2 are 4 pF and 4 nF respectively. A rise time of 5 ns can be 
confirmed from the result in Fig 7.5 .2, which was obtained when, as before, the probe 
was used with a 1 GS/s oscilloscope. 
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Fig 3.5.2- E lectric fi eld stress in and around the 100 kV divider, simulated at 100 kV. 
3.6. Divider design considerations. 
While considering the several different designs of capacitive dividers described in th is 
chapter, a list of important features can be produced to help in des igning future 
di viders. Obviously this list is by no means exhaustive and, although other design 
topologies may turn out to be more effic ient, attention is restricted here to the coaxial 
geometry adopted throughout this thesis. 
I) The physical size of the d ivider increases as it is required to attenuate higher 
voltages. The s ize can however be reduced if the divider is insu lated by a 
medium having a higher breakdown strength than air. In the 500 kY d ividers 
Caslrol Oil (Class 1, BS148) was used, due to the simplic ity of its 
implementation and the low cost. In addition to th is, the permitivity is very 
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nearly the same as that of the surrounding UHMWPE, which thereby 
maintains the continuity of electric field stress lines in and around the divider. 
Other possible media could include nitrogen (N2, Er = 1), sulphur hexa-fluoride 
(SF6, Er = 2.2), and even de-ionised water (H20, Er = 80) under microsecond 
pulsed conditions. However these would all require expensive vessels and 
pumping systems to contain them around the divider. 
2) The central copper rod that forms the crucial high voltage input connection to 
the divider defines the maximum internal electric field stress. Increasing the 
diameter linearly reduces the maximum electric field stress. However, it also 
increases the input (high voltage section) capacitance of the divider and a 
compromise has therefore to be made between these two requirements. One 
possible rule of thumb to ensure a long working life for a divider is to limit the 
electric fie ld stress about to one-half of the maximum allowable field stress of 
the dielectric material. 
3) Choosing the right dielectric material is important when designing a divider. 
Using materials that do not maintain their electric permitivity at high 
frequencies or high temperatures will lead to inaccuracy in the attenuation 
ratio. This will require the extremely inconvenient use of de-rating curves. 
4) The shape of the divider is crucial. It is vital to keep surfaces curved and 
rounded to reduce localised stress. If possible, introducing a finned geometry 
wi ll help to increase the surface length and thereby reduce the possibility of 
high voltage tracking. 
5) The low-voltage capacitor C2 also has to be considered, as its capacitance 
determines the attenuation ratio. If a high ratio is required and C 1 is fixed to a 
suitable value (if it is made too small it becomes susceptible to stray 
capacitance), the only way forward is to increase the capacitance of C2. 
However this comes at a cost, as the size of the capacitor is proportional to its 
capacitance, unless a dielectric material with a higher electric permittivity is 
used. With a certain dielectric, C2 wi ll have a finite value, which cannot be 
exceeded without increasing the physical size. Although a water dielectric 
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would have a very high electric pennittivity of 80, it is unsuitable for this 
application, as the pennittivity is not maintained at very high frequencies. 
6) The type of connection from the divider to the oscilloscope is a further 
important consideration. The connection should have a high impedance and a 
low capacitance so that is does not load the divider. In addition, it should be 
sufficiently long for the oscilloscope to be kept at a safe distance, but 
nevertheless be immune to EMI pickup. Different methods of connections are 
discussed in more detail in Chapter 8. 
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4. THE OPTICAL SYSTEM 
This Chapter describes the optical part of the vo ltage measurement system. To 
provide an easy understanding of the sections that follow, Fig 4.1 outlines the overall 
arrangement of the opti cal components. 
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Fig 4.1 - Arrangement of the optical system. 
4.1. Laser diode 
Gl fibre 
opto-clcctronic 
convertor 
Light for the probe is provided by a Class 3B [ 4. 1] semiconductor infra-red laser 
diode at a wavelength of 830 nm, with all the lenses and collimators used in the 
system being coated to ensure minimum refl ections at this frequency. Although at 
first sight the 30 m W optical output power of the diode may appear to be unduly 
large, this was necessary because the FC (fibre connector) connectors used in the 
system that was purchased have an efficiency of only 25%. Although this is adequate 
for their intended use as a basic fibre optic connector, the more recently introduced 
SMA (sub miniature adaptor) optic connectors [ 4.3] with their much superior light 
transmission and minimal reflection properties have an efficiency approaching 75%. 
SMA connectors would clearly therefore be the preferred alternative in any future 
development of the system described in this Chapter. 
The laser diode of Fig 4.1 is driven by the dedicated driver board circuit of Fig 4.1 .1, 
and a reliab le and efficient supply of5 V, 120 mW is needed to power thi s board. The 
diode also has an inbuilt photodiode (a moni tor diode) that provides a feedback 
current directly related to the light output of the laser diode. Since all the 
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semiconductors on the board and the diode itself are susceptible to electro-magnetic 
interference, they are contained in a single RP shielded and earthed box, with an 
interlocking magnetic reed switch (SW l) that disconnects the power when the box is 
open. SW2 is a toggle switch in series with SWl, thus both switches have to be closed 
for the circuit to operate. Fig 4 .1.2 is a view of the inside of the box. 
6V, 
1.2Ah 
battery 
200 mA fuse 
switch (NO) 
SW2 
---magnetic 
interlock switch 
(NO) SW1 
laser 
diode 
laser 
driver 
board 
Fig 4.1.1 - Power supply for laser driver board. 
NO = normally open switch. 
D, 
sv 
Fig 4.1.2- Laser driver board and power supply in aluminium shjelding box. 
SV 
Resistor R and capacitor C1 of Fig 4.1. I together filter out any high-frequency noise 
in the power supply and diode D1 is a 50 V, 1 A reverse polarity protection diode. The 
special purpose 5 V, 1 A voltage regulator that was used continues working until the 
battery voltage falls to 5.2 V. Initially a conventional regulator was used, but since 
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this required at least a 9.6 V supply a 12 V battery was needed. With a 7 V drop and a 
current of 120 mA drawn from the battery, the power dissipation of 840 mW given 
out as heat, caused the regu lator to function intermittently. Most of this dissipated 
energy is due to the load current flowing through the main power transistor in the 
regulator. The general excitation of electrons by the applied electric field causes them 
to collide with the silicone lattice, thereby converting their kinetic energy into thermal 
losses [ 4.17]. The special purpose regulator that was finally used can however run 
from a 6V battery, and the corresponding power dissipation for a 1 V drop of 120 m W 
presents no operational problems. 
The ferrite sleeve F (26 mm OD, 13 mm ID and 28.5 mm height) is wound with 8 
turns of the 0 V line, to give an inductance of 300 J.LH and so provide additional 
protection against electro-magnetic interference. The 6 V battery has a storage 
capacity of 1.2 Ah and it is therefore able to power the circuit for approximately 8.3 
hours. The laser diode has to be switched on for at least 10 minutes to ensure that its 
operation is stabilised before starting any experiment. It was however normally left 
running when a number of tests were to be performed within a few hours. 
As Fig 4.1 shows, light from the laser diode has to travel along two lengths of fibre 
optic cable and through the Pockels Cell, which includes both polarising lenses and 
collimators, before arriving at the opto-electronic converter. This is a precision 
component that, according to the manufacturer's data, has a linear conversion of light 
to voltage only up to an input light power of 1 mW, when it gives an output of 1 V. 
The light output from the laser diode can be controlled by the series connection of a 
precision current-limiting resistor on the driver board. The resistance needed to ensure 
the maximum allowable level of light at the converter input was 4 kO, a figure that 
was determined experimentally. 
Graded index fibres (also known as polarisation maintaining or PM fibres) are used in 
the arrangement of Fig 4.1, to convey light to and from the Pockels Cell. The cores of 
these fibres are anisotropic so that they have birefringent properties, with the 
refractive index varying with position relative to mutually orthogonal transverse axes. 
Due to the changes that this causes in the propagation of linearly polarised light along 
the two axes, they are commonly referred to as decoup led. If linearly polarised light 
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enters the core of a PM fibre with its plane of polarisation aligned with either of these 
axes, the light remains aligned with that axis as it propagates through the fibre. The 
effective decoupling of the two axes does not permit any transition of linearly 
polarised light from one axis to the other. Since the system works by detecting 
changes in polarisation, it is important that high-quality fibres are used and that the 
birefringent properties are maintained if erroneous readings are to be avoided. 
Unfortunately, optical fibres suffer from internal optical reflections if they are not 
properly aligned, bending losses if they are kinked and unreliable transmission if they 
are used outside their working temperature range of -35 °C to +85 °C. To avoid any or 
all of these problems, the fibres need to be securely mounted without any sharp bends, 
and with the laser diode switched on for at least 10 minutes before any measurements 
are made. 
4.2. Opto-electronic converter 
The Tektronix P670 1 A opto-electronic converter (shown in Fig 4.2.1) used in the 
arrangement of Fig 4.1 is designed to have a peak performance at a wavelength of 
about 800 nm, as shown in Fig 4.2.2. According to the manufacturer's data, the 
converter has a maximum rise time of 600 ps with a bandwidth from DC to 850 MHz. 
As shown in Fig 4.2.3, it provides an output signal for display on an oscilloscope 
equipped with the Tekprobe interface or it can be used with any other oscilloscope in 
conjunction with the Tektronix 1103 Tekprobe interface power supply (Fig 4.2.4). 
Fig 4.2.1 Tektronix P6701A opto-electronic converter. 
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If however it is used with this unit, it has to be connected to the osci lloscope through a 
50 0 coaxial cable, which means that the susceptibi lity to noise is somewhat 
increased . 
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Fig 4.2.2 - Normalised spectral response of the Tektronix P6701A optp-electronic 
converter (manufacturer's data). 
Fig 4.2.3 - Opto-electronic converter connected directly into Tektronix scope with 
Tekprobe interface. 
Fig 4.2.4 Tekprobe opto-electronic power supply unit. 
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4.3. The Pockels Cell 
The presence of linear electro-optic phenomena in a number of crystalline materials 
was investigated in detail by Pockels before the turn of the 201h century, and as a 
tribute to his pioneering work the effect is in fact now generally termed the Pockels 
effect (see Appendix 11.7). The crystals required are grown in clean rooms under 
strictly controlled conditions (temperature, hum idity, pressure), in a process that can 
take from weeks to months, depending on these condi tions and the size of the crystal 
that needs to be made. Crystals that lack a centre of symmetry (such that no central 
point exists through which every atom can be reflected into an identical atom) have a 
single optic axis (one direction in which birefringence is normally zero) and are 
piezoelectric and exhibit a type of Pockels effect [4.2, 4.5, 4.8]. Light passing through 
them in a direction parallel to the optical axis is nonnally unaffected, but when an 
electric field is applied through the crystal the optic axis becomes linearly 
birefringent, and this birefringence is the Pockels effect [ 4.6] . In Cartesian 
coordinates, with the z-axis and light propagation along the optic axis, the dielectric 
constants for components of Light in the x and y planes change by equal and opposite 
amounts. Media that have linear birefringence are used as optical components known 
as retarders [ 4.7], and the Pockels Cells act as a variable retarder. 
The crystal in the Gsaenger PZ7 Longitudinal Pockels Cell used in the present 
experiments is made of KD*P (highly deuterated potassium di-hydrogen phosphate -
KD2P04• where the * indicates a high level of deuteration), which has a crystal 
deuteration (amount of deuterium molecules present) of94%. 
collimtor polan ser I & 
I quarter-wave 
plate 
polariser 
2 
Fig 4.3. 1 - Components ofLoughborough Pockels Cell. 
54 
The Pockels crystal and the arrangement of its associated optical components are 
shown in Fig 4.3.1 . Unpolarised light from the laser diode travels along a graded 
index fibre before being focused by collimator 1 and passed through polarising filter 1 
to become linearly polarized. Linearly polarised light entering a quarter-wave plate is 
retarded at 7r/4 radians to the x and y planes and thus has equal components in each of 
the two planes. As a result, one component emerges from the plate retarded by 7r/2 
radians with respect to the other component. The components together provide 
circularly polarised light since, when they are added, the locus of the resultant vector, 
as seen looking towards the source, follows a circular locus. Similarly, if circularly 
polarised light entered a quarter-wave plate, it would emerge as linearly polarised 
light, in a plane determined by the angle of the y axis to that of the retarder which 
produced the circular polarisation in the first place. The second polariser is set at the 
same angle as the first polariser. As long as there is no change in the polarisation of 
the light as it goes through the Pockels Cell (ie there is no electric field across the 
Cell), it will come out with the same intensity through the second polariser. However 
any change of polarization (ie if there is an electric field applied to the Cell) results in 
an intensity change when the light goes through the second polariser. Finally the 
second collimator re-focuses the light into the fibre that connects into the opto-
electroruc converter. 
A Pockets Cell may be considered to be a tuneable retarder, with its variable 
retardance dependant upon the applied electric field. Subtracting this variable 
retardance from the retardance of the quarter-wave plate gives a total retardance, 
wruch decreases from 7r/2 radians as the electric field rises from zero. The retardance 
is quantified by resolving the applied electric field into components perpendicular to 
and parallel to the optical axis, for the transverse and longitudinal Pockels effects 
respectively. Only the longitudinal Pockels effect is used in the work of this thesis and 
the retardance ($radians) of the parallel component of linearly polarised light is given 
in [4.18] as 
[4.3.1] 
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where: A is the wavelength of the light in vacuum (m). 
11o is the refractive index of the crystal. 
I is the length ofthe crystal (m). 
E is the electric field across the crystal (V /m) . 
r63 is the Pockels electro-optic coefficient (m/V), see Appendix 11.7. 
With no voltage applied to the Pockels Cell its birefringence is ideally zero, and 
circularly polarised light entering the electro-optic crystal emerges from the crystal 
still circularly polarised. As a voltage is applied across the Pockels Cell, and 
birefringence builds up in the crystal, the locus of the light becomes elliptical, and the 
major axis is arranged to be perpendicular to the plane of the output linear polarising 
filter. This then changes the elliptical polarization into an intensity modulating light, 
which is sent to a opto-electronic converter via the optic fibre. 
The coefficient r63 is part of an electro-optic tensor [See Appendix 11.7, and refs 4.18, 
4.19] , which defines the sensitivity of the refractive index of the crystal to the applied 
electric field. For the KD*P fami ly, r63 is the only independent coefficient that is 
needed to describe changes in the refractive index when only a longitudinal electric 
field is applied to the crystal. 
Fig 4.3.2 shows a simplistic representation of a longitudinal Pockels crystal with 
transparent and highly conductive coatings on either end. Obviously the coatings have 
to be transparent to allow light to pass through them and at the same time to be highly 
conductive in order that they can apply the e lectric fi eld uniformly across the crystal. 
Although the manufacturer declined to give information on the coatings employed, 
only a few known materials are both optically transparent and electrically conducting, 
and transparent conducting oxide (TCO) thin fi lms are normally used. Such TCOs are 
also used for selective window coatings in architecture, solar cells and 
electromagnetic shielding. Depending on the wavelength of light that is being 
transmitted through the coating, the oxides commonly used are 
ZnO:Al {Aluminium doped Zinc Oxide) 
Sn02:Sb (Antimony doped Tin Oxide) 
Irz03:Sn (Tin doped Iridium Oxide) 
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A film thickness in the region of2 Jlm is usually applied and a resistivity in the region 
of 10-4 0 /m in usua lly obtained. The films have an average transmittance of greater 
than 90 % in their optimum spectrum, especially when layered with anti-reflective 
coatings. 
transparent 
conducting 
material 
Fig 4.3.2 - Longitudinal electro-optic effect. 
The above information and calculations relate to the longitudinal Pockels effect. In 
the transverse Pockets effect mentioned earlier, the applied electric field is 
perpendjcular to the direction of the light, as shown in Fig 4.3.3. 
Unlike in the longitudinal effect, the relationship between the change in polarisation 
and the applied electric field for the transverse effect depends on the ratio of the 
thickness to the length of the Cell. Thus for the transverse effect the way in which a 
crystal is geometrically formed determines the voltage that is required for a given 
retardation of the light. 
The half-wave voltage (when the polarisation changes by 1r rad ians) for the transverse 
case is [4.18]: 
V 11(transverse) = ( ~ J [ 4.3.2] 
n0 t(,31 
compared with 
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V n(longitudinal) = ( A. 
1 
J for the longitudinal case derived from equation 4.3.1. 
2r63 no 
and since V 11(longitudinal) does not contain any dimensional information, the longitudinal 
effect depends only on the properties of the crystal that is used. 
-----
voltage applied transve sely to 
direction of light 
Fig 4.3.3 -Transverse electro-optic effect. 
Although at first sight the transverse Pockets effect may appear to be more convenient 
for use, as its hal f-wave voltage can be defined by its geometric shape, the crystals are 
however very expensive as they have to be individually grown for a particular users 
needs. Normally this added cost makes the transverse Pockels Cell unacceptably 
expens1ve. 
4.4. Testing the Gsanger PZ7 Longitudinal Pockets Cell. 
Obviously, the choice of the electro-optic crystal is a major factor in the performance 
of any sensor. From Equation 4.3.1 , it can be seen that the major factor governing the 
sensitivity of a particular crystal that exhibits the longitudinal Pockels effect is r63no3. 
The temperature variation of the electro-optic coefficient is also an important factor in 
the material selection, as the device wil l typically be expected to perfom1 linearly over 
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a temperature range of from 20°C to 80°C. The Gsanger PZ7 Cell according to the 
manufacturer's statement performs linearly, well beyond this range [ 4.20]. 
A wide variety of crystal materials may be used in Pockels Cells [ 4.9, 4.11 ,4.12, 4.13, 
4.14, 4.16], depending on the balance of properties such as electro-optic constants, 
spectral range and dimensions. Table 11.7.1 (Appendix 11.7) lists the electro-optic 
parameters of commonly used Pockels crystals. For use in an instrument, the 
piezoelectric properties must minimise voltages generated by mechanical forces and 
shock waves, which appear as noise super-imposed on the output signal [ 4.8]. 
According to the data sheets for the PZ7 crystal, r63 ~ 23.3 x 10-12 rnN and n0 = 1.51. 
Thus from Equation 4.3.1, approximately 2.7 kV is required for a phase retardation of 
one-quarter of a wavelength for light of wavelength 850 nm. 
In addition to the available data, testing with a steady-state supply has shown that the 
Pockels Cell used experimentally demonstrates the Pockels effect linearly only 
between -1.8 kV and + 1.8 kV. Thus all the capacitive voltage dividers developed in 
this work had to be designed to give an output that remains within this range at their 
rated input voltage. The graph in Fig 4.4.1 shows the measured response of the PZ7 
Cell to a DC HV power supply, with the Cell connected across the output of a supply 
that is capable of providing both a positive and a negative output. Testing was 
performed from about - 3 kV to + 3 kV, and with zero voltage applied to the cell the 
light output obtained was 0.63 mW (since the output from the opto-electronic 
converter was 0.63 V and the converter gives 1 V output for 1 m W of input light). 
The Pockets Cell has a maximum rise time of just 400 ps [ref 4.20) and a bandwidth 
from DC to 1 GHz. The manufacturer states that the Cell has an input capacitance of 4 
pF and the input impedance was measured as 46 Gn (See Section 7.1). It is thus ideal 
for connecting to the voltage dividers described in Chapter 3, as it will not provide 
any appreciable loading. One problem with the optical system however is that when it 
is switched on there is no guarantee that with zero voltage applied across the Cell the 
optical power output recorded by the opto-electronic converter will be 0.63 mW, due 
mainly to the problems explained in Section 4.1 (bending losses in the fibres, thermal 
stabilisation of the laser and fibres). Unfortunately, the PZ7 cell attenuates light 
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linearly only between - 1.8 kV and +1.8 kV, and to use it at any other optical power 
output, when no voltage is applied, requires reference to be made to Fig 4.4.2 before 
conducting an experiment. This figure shows the attenuation of the light as a 
percentage of the starting value (indicated by 100 %), with respect to the voltage 
applied to the Cell, and makes it easy to determine how much voltage is applied 
across the Cell, once the starting light output is known. 
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Fig 4.4.2 - Response of the PZ7 Pockels Cell to a DC voltage. 
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Even when the oscilloscope monitoring the Pockets Cell is used in the single-pulse 
acquisition mode, and the light output of the laser changes before the experiment is 
complete, the operator is still able to determine what voltage is applied to the Cell. 
This simply requires calculation of the percentage of the light change, as shown on 
the oscilloscope screen, and reference to Fig 4.4.2. As this procedure was common 
throughout the hundreds of experiments that were performed, a simple sub-routine 
was written in the post-processing software MathCAD in which all the oscilloscope 
data was examined. The sub-routine automatically detects the staring optical level 
from the oscilloscope data and then, by referring to the percentage change from Fig 
4.4.2, displays the waveform with the conect values of vo ltage applied to the Cell. 
The photographs of Figs 4.4.3(a) and 4.4.3(b) show visually the light attenuation 
caused by the Pockets effect. These were taken by removing the collimators from both 
ends of the crystal and taking pictures with a high definition digital camera looking 
directly into the crystal. Fig 4.4.3(a) shows the appearance without any voltage 
applied to the crystal and Fig 4.4.3(b) shows it when I kV DC is applied. Fig 4.4.3(a) 
shows that at the centre of the Cell there is a dark cross, indicating that little laser light 
is passed through. Fig 4.4.3(b) shows the light attenuation when 1 kV is applied, the 
cross becoming less dark and therefore showing that more light now passes through. 
Fig 4.4.3 (a) Pockets effect - 0 V across Cell. 
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Fig 4.4.3(b) Pockets effect- 1 kV DC across Cell. 
The ultra-fast pulser described later in Chapter 5.1 was used to test the performance of 
the Pockets Cell. With the Cell connected directly across the output of the pulser, Fig 
4.4.4 shows the rise of the output voltage as recorded on a 5 GS/s osci lloscope. The 
reason that the waveform in Fig 4.4.4 appears to be somewhat noisy is because the 
closing switch on the pulser is mechanically controlled, thus inducing a bounce effect 
as the contacts close. The bandwidth and rise time of the Pockels cell is about 1 GHz 
and 630 ps respectively and with such a high performance every single oscillation is 
picked up. ln addition to this, the 5 GS/s oscilloscope that was available for a short 
time also assists in getting this impressive result. 
Although Fig 4.4.4 indicates an impressive 630 ps for the 10% to 90% ri se time, it is 
very difficult both to produce ultra fast pulses and also to measure them at such short 
time scales. However the measured rise time would certainly be even lower if a higher 
performance osci lloscope was used or a better pulser had been available. 
Nevertheless, the combined rise time of the Pockets Cell and the opto-electronic 
converter, according to the manufacture's data, is a maximum of 746 ps 
(ie~[400ps 2 + 630ps 2 J) and the experimental rise time was therefore appreciably 
better than expected. 
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Fig 4.4.4 - Rise-time of the PZ7 Pockels Cell with the opto-electronic converter. 
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5. GENERATING HIGH-VOLTAGE PULSES -
ULTRAFAST PULSER AND EXPLODING BRIDGE 
WIRES 
The next two chapters of the thesis consider a number of simple but very effective 
ways of generating the fast rising voltage pulses of between 1 kV and 500 kV that are 
needed to test the various dividers and probes produced during this research. In all 
cases, low to medium energy capacitors (maximum 500 J) were used as the energy 
source. This Chapter describes the use of both an ultra-fast pulser and the exploding 
bridge wire phenomena to produce voltages of up to 100 kV, while Chapter 6 looks at 
the production of increased voltages up to 500 kV using pulsed transformers. 
5.1. Ultra fast pulser. 
The ultra-fast pulser shown schematicaiJy in Fig 5.1.1 was designed to give an output 
of up to 1.2 kV with a rise time limited to about 850 ps, as explained later in this 
section. Its principal use is to test the rise time of the capacitive dividers described in 
Chapter 3 at a low input voltage, because of the obvious practical difficulties of 
devising a system that is capable of producing hundreds of kilovolt pulses with a sub-
nanosecond rise time. 
c 
Fig 5.1 .1 - Pulser schematic. 
s 
o----,1 
dividers 
connected here 
DC is a 1.2 kV source avai lable from an insulation testing meter 
(manufactured by A VO: model Megger BM 223.) 
R1 and R2 are 1 W, 1 MO resistors. 
C1 - C4 are 47 pF, 2 kV rated ceramic disc capacitors. 
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The meter is a device normally used for insulation testing and it provides a voltage 
output in steps up to 1.2 kV DC. In Fig 5.1.1 it is being used as the DC source to 
charge capacitors C1 - C4 via the 1 MO resistors, while switch S is open. The input 
terminals of the voltage divider are connected to the output of the pulser when switch 
S is subsequently closed, and the input voltage then very rapidly attains the voltage of 
the capacitors. The capacitors C1 - C4 are connected in parallel, effectively to reduce 
their overall inductance to about one quarter that of one capacitor alone (16 nH), 
resulting in an overall capacitance of about 188 pF and an inductance of about 4 nH. 
Figs 5.1.2 and 5.1.3 shows the final form ofthe pulser. 
Fig 5.1.4 shows two responses of the pulser output as measured by a PKM 
oscilloscope probe and a 1 GS/s oscilloscope, and the voltage can be seen to rise 
rapidly to about 500 V (C1 - C4 initially charged to 500 V). The probe, according to 
its manufacturers (PKM, Germany), has a bandwidth of 400 MHz, a rise time of 800 
ps and an input capacitance of 4 pF. It is however designed to measure voltages up to 
a maximum of 2 kV only (Chapter 2.4 looks at the detai led characterises of the PKM 
probe). In Fig 5.1.4, the response labelled 'with switch' was obtained by permanently 
connecting the PKM probe to the output of the pulser, and using the toggle switch S 
in the circuit of Fig 5.1.1 to close the circuit once the capacitors were charged. The 
response labelled 'without switch' was obtained by removing the toggle switch from 
the circuit and permanently connecting the ground of the PKM probe to the pulser. 
Once the capacitors were charged the circuit was closed, simply by touching the HT 
tip of the probe to the HT output ofthe pulser. 
The result in Fig 5.1.4 for the 'without switch' method indicates that the measured 10 
% - 90 % rise time of the pulser is about 850 ps, although this includes the 
manufacturer's stated rise time of 800 ps for the PKM probe. However when the 
toggle switch was used the rise time was extended to 1200 ps, with the increase of 
350 ps reaffirming the need to keep the circuit inductance to a minimum. 
Although further improvements (such as connecting more capacitors in parallel to 
reduce the effective inductance and using lower inductance capacitors) could reduce 
the rise time of the pulser, the limits of the PKM probe (800 ps maximum rise time) 
and the monitoring oscilloscope (1 GS/s sampling speed) have already been reached. 
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Fig 5.1.2- Ultra-fast pulser. 
------ leads from megaohm meter ---------:: 
Tip of probe makes rnnl~rt-
here to close circuit 
4 capacitors in parallel 
(47pf each) 
ground permenantly 
connected to probe 
Fig 5 .1.3 - Zooming into the main area of the pulser. 
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Fig 5.1.4- Response of the ultra-fast pulser. 
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An important part of the design of any device outputting sub nanosecond pulses is that 
the possibility of e lectromagnetic interference and pickup must be very carefully 
considered, and throughout the experimental work all the leads were made sufficiently 
short for tl1em not to act as transceiver aerials. In addition, the total inductance of the 
circuit has to be minimised to enable the fastest possible rise time to be achieved, 
which is the reason for choosing four low inductance miniature high vo ltage 
capacitors and making a direct connection from the probe to the pulser. 
5.2. 60kV Exploding bridge wire (EBW) experiment 
To obtain a voltage greater than that provided by the pulser of the previous section, 
research was carried out to obtain improved results from exploding bridge wire 
(EBW) experiments as initially performed by J C Martin at the Atomic Weapons 
Research Establishment (A WRE), Aldermaston. Fig 5.2. 1 shows the circuit 
arrangement typically used for these experiments. 
The circuit requires a charger capable of charging the high voltage capacitor C to 
25 kV. When the nail-switch is closed the capacitor is then discharged through the 
transmission line and into the wire, which subsequently explodes. While doing so, it 
emi ts a very intense flash of light and considerable noise, and one or more strong 
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shock fronts are generated. The mechanism of the exploding w1re is generally 
believed [5.36] to fo llow the fo llowing sequence 
(a) Heating of the wire due the high current passing through it. 
(b) Melting the wire to liquid fonn and subsequent vapourisation. 
(c) Development of instabilities in the wire, which fonn unduloids (figures of 
rotation) and cause the appearance of striations in the metal vapour. 
(d) Disruption of arcs fonned between the unduloids, giving the so-called "dark 
interval" during which no current flows through the wire and the voltage 
remains constant. 
(e) Production of a sudden flash of light, the spectrum of which is continuous and 
is independent of the material used. 
(f) Production of one or several shock fronts at the same time that the light is 
emitted. 
The duration of the entire sequence can be controlled for any given wire material by 
the energy supplied, adjustment to both the capacitance and inductance of the system 
and the diameter and length that are used [5.37]. 
In reality an exploding wire is nothing more than a s imple opening switch. It is 
usually no more than tens of J.tm in diameter and the tens of kA that flow through the 
circuit very rapidly raise the temperature to above boiling point, thereby opening the 
circuit. Sufficient energy must be stored in the capacitor for the wire to reach this 
temperature (which can be up to 3000 K for materials like nickel), with the sequence 
involved in the changes of state being 
Solid wire ~ Melted wire ~ Vaporised wire 
Thus the minimum energy required is: 
E = MCs [{Tmelt - Troomtemp)] +MC1 (Tboil - TmeJt)] + M.Lr + MLv. (5.1) 
where M is the mass of the wire, Cs and C1 are its specific heat capacities when solid 
and liquid (Table 5.2.1 lists the heat capacity of copper at various temperatures). Lr 
and Lv are the latent heats of fusion and vaporisation respectively for the wire 
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material. As the specific heat capacity changes widely with temperature, equation 5.1 
must be used as an iterative process for absolute accuracy. 
The exploding wire can be modelled very simply as a temperature dependent resistor 
with a positive temperature coefficient of resistance. Assuming that the temperature 
coefficient of resistance is linear (although this is quite a gross simplification) and that 
the inductance remains constant during the experiment, the voltage developed across 
the wire when a current I flow through it is 
V=IRo[l + a(t-to)]. (5.2) 
where Ro is the resistance of the wire at temperature to and a is the linear temperature 
coefficient of resistance. Equation 5.2 is obviously only valid at a particular time 
during the experiment, and in reality an iterative process is involved as the resistance 
of the wire continues to change as long as current is flowing though it. A more 
specific model would have to calculate iteratively equation 5.2 at regular intervals as 
the temperature rises, and would require much more precise data on the variation of 
the wire resistivity with temperature. The rate at which the temperature rises depends 
on the power through the wire, which in turn depends on the stored energy in the 
capacitor and the rate at which it is discharged into the circuit. The rate of discharge 
depends on the circuit inductance, capacitance and resistance. 
The current in the circuit remains substantially constant while the wire is exploding, 
due to the inductance (either the self inductance of the transmission line alone or 
including any added inductance) of the circuit tending to prevent any rapid change. 
However, the resistance changes rapidly during this time, often by a factor of more 
than 200, so that the voltage across the wire also rises very considerably. Although it 
has been claimed by researchers in Japan that it can reach 30 times the initial 
capacitor voltage, a much lower figure of about 10 seems likely to be more credible 
[5.3] .The detailed modelling of such a system is clearly complex, due to all the 
various factors that are involved, and many published papers elsewhere have dealt 
with this in great detail [5.34, 5.35]. 
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Initial testing was carried out using the circuit arrangement shown in Fig 5.2.1, in 
which the 600 nF capacitor was initially charged to 25 kV. When the nail switch is 
closed, the capacitor is discharged into the wire through a 0.6 m long and 120 mm 
wide parallel-plate transmission line. 
In a first test, the voltage across a 30 mm long 0.06 mm diameter wire was found to 
peak at 45 kV when it fused. 
nail switch 
0.06mm 
diameter wire 
Fig 5.2.1 - Experimental arrangement for the 60kV EBW experiment (thick lines 
indicate copper transmission line) 
Numerous tests were carried out on widely different lengths of wire in order to 
optimise the maximum peak voltage obtained for the same diameter wire, circuit 
inductance and capacitance. Table 5.2.1 lists the peak voltages obtained during these 
tests and shows that the required figure of about 60 kV was obtained when the length 
was 60 mm. Fig 5.2.2 shows the waveform of the fuse vo ltage obtained during this 
particular test. 
Wire Length Peak Voltage 
(mm) (kV) 
30 35 
35 38 
40 42 
45 47 
50 50 
55 54 
60 58 
65 55 
70 52 
Table 5.2.1 - Peak voltages obtained with lengths of0.06 mm diameter wi re. 
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time (ns) 
Fig 5.2.2 - EBW fi ring 57kV measured by the 60 kV Loughborough probe. 
The lower of the two peaks in Fig 5.2.2 (peak A) occurs immediately on closure of the 
nail switch, and is due to contact ' bounce' as the switch closes. Peak B shows the 
maximum voltage developed across the wire as it explodes, wi th the subsequent rapid 
fall indicating that the wire has vapourised. Current continues to flow as the 
vapourised wire leaves a plasma channel (a re-arcing phenomena), but once the 
channel has dispersed (after about 1 ~s to 2 ~s) the conducting channel is opened and 
the current falls rapidly to zero. 
Exploding bridge wire experiments are aimed at achieving a very fast rising voltage 
across the wire, and to achieve this it is far from sufficient merely to put into the wire 
an energy equal to that given by equation 5.1 . For example, data related to the 
experimental resul t of Fig 5.2.2 enables the minimum energy required to melt, boil 
and finally vapourise the wire to be calculated as follows 
The relevant properties of copper are: 
Density = 8980 kg/m3 
Specific heat capacity (300 K) = 386 Jlkg K 
Latent heat of fusion = 207 kJ!kg 
Latent heat of vaporisation = 4730 kJ/kg 
Melting point = 1356 K 
Boiling point = 2868 K 
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Temp(K) c (J/kg K) 
50 101.75 
100 261.64 
150 331.09 
200 366.62 
400 405.38 
600 426.38 
800 447.39 
1000 466.75 
1500 507.13 
2000 507.13 
2500 507.13 
Table 5.2 .2 - Specific heat capacity of copper at various temperatures. [5.38] 
The mass of the wire can be calculated as 1.52 x 1 o-6 kg, and for an ambient 
temperature of 20 ·c equation 5.1 gives the minimum energy requirement (assuming 
that no heat is lost from the wire) as 
E = l.52x 10-6 [(386x 1063) + 207000 + [(507x 1512) + 4730000] =9.291 
if average values of 386 J/kg K (at 293 K) and 507 J/kg K (at 1356 K) are used for Cs 
and C1 (see Table 5.2.2). Although this figure may appear to be small when compared 
with the energy of 187 J stored initially in the capacitor, the difference is important in 
achieving a fast rising spike of current which in turn gives the fast rising voltage spike 
as seen in Fig 5.2.2. 
11 
11mc mu 
Fig 5.2.3 - Inductance measurement of 57kV EBW set-up 
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The inductance of the experimental circuit was determined from a test in which the 
wire length was 60 mm, but the initia l voltage was reduced to 7 kV to ensure that the 
wire did not explode. The resulting damped sinusoidal voltage shown in Fig 5.2.3 was 
obtained by monitoring the voltage of the discharging capacitor using the 60 kV opto-
electronic probe. It is essential to find the inductance of the system so that it is easier 
to replicate the experiment at a later date if required. 
Equation 5.3 below is the fundamental equation that describes the relation of the 
resonant frequency to the components in an oscillating LC circuit when the resistance 
is negligible. As the circuit conductors are made mostly from the wide copper strip 
forming the transmission line, and Eqn 5.3 can be applied with relative confidence. 
ThusL= 1 
(21() 2 c 
(5.3) 
The period between two successive voltage peaks in Fig 5.2.3 is 2.17 l..I.S, which 
together with the known capacitance of 600 nF enab les the circuit inductance 
(inductance of the capacitor + switch + wire + parallel plate transmission line) to be 
calculated as 0.198 1..1.H. This value will be required should the circuit ever need to be 
rebuilt to achieve a s imilar performance. 
During this series of experiments, it was found that shock waves emanating from the 
exploding wire were damaging the lenses of the Pockels Cell, and methods for 
reducing their severity were therefore investigated. The first method tri ed was to 
immerse the wire in de-ionised water, which however resulted in water being splashed 
over the laboratory when the wire exploded. Together with the considerable further 
complexity involved in setting up shields to minimise the splashing, this substantia lly 
reduced the number of experiments per day that could be performed. The easiest and 
best method devised for containing the wire was to mount it inside a Tufuo l tube 
(internal diameter 10 mm, wall thickness 2 mm) (Fig 5.2.4) and to contain the tube in 
a box filled with silica grains. Encasing the wire in the tube meant that it would 
explode in the air within the tube, with the silica that surrounded the tube damping out 
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any shock waves that were produced. Tufnol is an extremely strong material and it 
was found that only after about 20 consecutive tests did the tube start to crack. 
Fig 5.2.4 - Wire mounting and Tufuol tube. 
To further speed up the rate at which experiments could be performed, the nail switch 
was replaced by a mechanically triggered spark gap (see Chapter 7.1 ). A typical result 
then obtained is shown in Figure 5.2.5 in which a small peak is obtained of about 8 
kV as the switch closes, with the subsequent much higher voltage peak as the wire 
fuses being 52 kY. Once again current flows after the wire has vapourised, as the 
plasma channel again allows conduction across the small 60 mm length. 
The use of a 60 mm long 0.06 mm diameter exploding wire carried in a Tufuol tube 
and a mechanicaJiy triggered spark gap switch represented the final fonn of the circuit 
that was used for testing the 60 kY probe of Chapter 7.1. Further refinements were not 
made to the circuit as the required voltage was being developed. 
6or---~----~----r---~----~----~--~----~ 
0 200 1200 
wnc(ns) 
Fig 5.2.5 - EBW results with spark gap switch at 20 kV initial charging vo ltage. 
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5.3. 100 kV exploding bridge wire (EBW) experiment 
Although the circuit shown in Fig 5.3.1 is basically the same as that of Fig 5.2.1 the 
physical arrangement is considerably different. The exploding copper wire is now 
0.125 mm diameter and 140 mm to 170 mm long. It is easier to mount and keep taut a 
wire of this length vertically rather than horizontally and thus it is mounted at the 
centre of the earthed copper tube and, as shown, is connected to the bottom of this. 
The copper tube has slits along its length so as not to contain the explosive energy. 
The wire enters the copper tube through a UHMWPE shield, which isolates the high 
voltage developed across the wire from the earthed copper cylinder. 
600nF 
c 
3 turns, 1uH triggered 
spark ga switch 
--------
current 
transformer 
UHM 
I I Copper 
I I tube with 
I I slits 
I I 
L. ....J 
Fig 5.3.1 - Schematic for the 1 OOkV EBW experiment (so lid thick lines indicate the 
copper transmission line) 
In the circuit of Fig 5.3.1, the 3-turn inductor helped to optimise the circuit 
performance for a 150 mm long wire and enabled 100 kV to be generated across the 
wire, as shown in the experimental result of Fig 5.3.2. Without the inductor only 75 
kV was developed and when a 1-turn inductor was used this increased to about 85 kV. 
After the wire explodes, the current returns to zero much more rapidly than in the 60 
kV system, because the 150 mm gap that is produced is more than sufficient to 
prevent conduction, even though there may be metal vapour present. This is clearly 
evident from a comparism ofFig 5.2.5 and 5.3.2. 
75 
100 
0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2 3.6 4.0 4.4 4.8 5.2 
time (us) 
Fig 5.3.2 - Results obtained from l OOkV EBW (150 mm long and 0.125 mm diamater 
wire with a 3-tum inductor.) 
Table 5.3.1 show the peak voltages developed for different wire lengths of a 0.125 
mm diameter wire with no added inductance, while Table 5.3.2 records the peak 
voltages developed when experimenting with di fferent inductor sizes. The 150 mm 
length of wire gave the greatest peak voltage. 
Wire length Peak voltage 
mm kV 
140 70 
145 73 
150 75 
155 73 
160 70 
165 69 
170 66 
175 65 
180 65 
Table 5.3. 1 - Peak voltages developed across a 0.125 mm diameter wire without any 
extra inductance. 
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Inductor Inductance Peak voltage 
turns UH kV 
1 0.1 85 
2 0.4 92 
3 1 100 
4 1.7 94 
Table 5.3.2 - Peak voltages developed across a 150 mm long and 0.125 mm diameter 
wire due to different values of extra inductance. 
Although further optimisation (eg a 4 turn inductor and different wire lengths) would 
undoubtedly have produced an increase in the output voltage, it was decided that the 
use of exploding wires was proving to be far too complex for the number of tests that 
were likely to be needed. In addition, recent experience at Loughborough (see 
Chapters 7.3 and 9.1) and elsewhere has shown that to generate voltages of200 kV to 
500 kV from exploding wires requires numerous parallel-connected wires to be 
arranged in complicated geometries. The wires are very thin and difficu lt to handle 
and since they can break very easily, it is difficult and time consuming to set-up each 
experiment. 
Although the fast rising high voltage pulse given by the EBW is ideal for testing the 
probes, the factors discussed above clearly show that the experiments are both 
difficult to perform and very time consuming. Alternative methods of producing the 
required high voltages were therefore investigated, and the next chapter looks at a 
technique for producing 500 kV by means of a pulsed air core transformer .. 
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6. GENERATING HIGH-VOLTAGE PULSES- PULSE 
TRANSFORMERS. 
As explained in the previous Chapter, in order to simplify the process of producing 
pulses of up to 500 kV it was decided to design and build a number of pulse 
transformers capable of providing up to this level of voltage. Experiments with EBWs 
had produced a maximum of lOOkV, although this could probably be increased, but 
had required considerable rebuilding of the experimental circuit after each test. 
A pulse transformer is designed to produce high-voltage pulses with ns to J..LS time 
scales, and although the basic transformer principles still apply the operating 
conditions are quite different from those familiar in more conventional situations. In 
particular, a pulse transformer is not intended to work in a continuous mode, as the 
power required will frequently be in the MW or even the GW range. An output pulse 
is typically obtained by discharging a capacitor into the primary winding, with the 
corresponding rapid change in the primary current giving a high primary dVdt and 
thereby inducing a high voltage in the secondary winding. 
Pulse transformer technology has advanced rapidly in the past few years. High power 
pulse transformers obviously do not have iron cores, and various different turn 
configurations have been used to maximise the performance of the transformers that 
have been developed at Loughborough. What is sought in the present instance is a 
range of transformers that are capable of producing very high voltages, with 
simplicity, repeatability and minimum maintenance all being of major importance. 
These requirements are all achieved in the designs described below, that have proved 
to be very effective in producing voltages up to 500 kV. As with the probes described 
earlier, this represents about the maximum level of voltage that can be produced 
without the need for immersion in transformer oil. 
The basic turns ratio equation of an ideal transformer is 
(6.1.1) 
78 
where Np and N5 are the number of the primary and secondary windings and V P and 
V5 are the voltage of the two windings. Eqn 6. 1.1 applies for any ideal transformer 
and simply illustrates that with no leakage flux the volts per turn in the primary are 
the same as that in the secondary winding. Three transformers were built during the 
course of this research, to produced output voltages of 200 kV, 400 kV and 500 kV 
respectively. 
6.1. 200kV transformer details. 
6.1.1 Design. 
The first pulse transformer to be produced was designed to give an output voltage of 
up to 200 kV, in order to test the 200 kV probe described in Chapters 3.2 and 7.2. 
With a 22 kV capacitor used as the energy source, Eqn 6.1.1 shows that a minimum 
theoretical turns-ratio of 1 : 9. 1 is needed to generate 200 kV in the secondary 
winding. However, to take into account various losses (described latter) a pessimistic 
turns-ratio of 3 : 80 was in fact adopted. It was decided at an early stage to use a 3-
turn primary, because if the number of turns is lower than this the inductive voltage 
divider effect of the other elements of the primary circuit will unduly reduce the 
voltage applied to the primary windings. On the other hand, with a higher number of 
turns the primary inductance wi ll be too large, and the reduced dVdt will result in a 
lower voltage being induced in the secondary winding. In addition, a large number of 
primary turns will also require an increase in the number of secondary turns to 
maintain the requjred turns ratio. 
The transformer manufactured generated an. output of 200 kV on open circuit and had 
a 3-turn primary of copper foil surrounding an 80-turn secondary winding, with the 
former being the 110 mm diameter polythene pipe shown in Fig 6.1.1. The secondary 
conductor was the RF Uniradio UR No.76 (URM76) shown in Fig 6.1.2, which is a 
50 n coaxial cab le with a solid polyethylene insulation having a breakdown vo ltage 
of21 kV DC. This ensured that when 200 kV was produced, the maximum inter-turn 
voltage of 200/80 = 2.5 kV was insufficient to cause breakdown. For use in the 
transformer, the coaxial cable was stripped down to its core and insulation, which 
gave an outer diameter of 3.12 mm. This necessitated a minimum axial length of 250 
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mm for the single-layer secondary winding, which was adequate to ensure that, at the 
required 200 kV peak output vo ltage, surface tracking would not be an issue. The total 
length of cable for the eighty turns was then 88.45 m, and with a core resistivity of 
31.8 mO /m the total secondary windjng resistance was 2.8 0. 
3 tuns of 0.1 mm thick 
copper wound In a helical 
manner 
Fig 6.1. 1 - 200 kV transformer outline. 
Fig 6. 1.2- RF Unirad io UR No.76, 50 0 coaxial cable. 
R<i<fius of Secondary Wlndings: 
55 mm+ 2.5 mm= 57.5mm 
Radius of Primary Windings: 
55 mm+ 2.5 mm+ 2 mm= 59.5mm 
When the secondary turns were in place, they were sprayed with anti-corona lacquer 
to reduce further the possibilities of breakdown and surface trackjng. Once dried the 
lacquer forms a varnish coating, with a breakdown strength of 45 kV/mm. Twenty 
layers of 100 J.l.m thick Melinex insulation then surrounded the secondary turns, tills 
being adequate to withstand about 300 kV. The 3-tum primary was made from 0.1 
mm thick, 83 mm wide and 1.2 m long copper strip, insulated with sufficient Melinex 
to prevent inter-turn breakdown. The wide strip of copper ensured that the primary-
turn resistance was theoretically in the order of just 0.050. As shown in Fig 6.1.1 the 
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completed 3-turn primary winding occupies the same axial distance, as does the 80-
tum secondary winding, which maximises the inter-winding coupling. 
To prevent the secondary voltage from floating to a dangerously high level, and 
possibly damaging the transformer, the first turn of the secondary winding and the last 
turn of the primary winding were soldered together and solidly bonded to earth. Fig 
6.1.3 shows the final set-up of the 200 kV transformer with the 200 kV probe attached 
to it. 
Fig 6. 1.3 - 200 kV transformer set up. 
6.1.2. Transformer capacitance and inductance. 
(a) Capacitance 
Several factors needed careful investigation while designing the transformer, 
including the capacitance between the primary and secondary turns and the inter-turn 
capacitance of both the primary and the secondary windings. These all have to be 
charged during an experiment, and if they are too large they wi ll reduce the energy 
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available to drive the transformer. As the primary turns are made from rectangular 
strip copper, to estimate the inter-turn primary capacitance it is assumed that any pair 
of the turns can be represented by parallel plates of the same area and with the same 
separation. This enables the familiar formula 
C =Eo£~ 
d 
(6.1.1) 
to be used. As the radius of each of the 3 turns is approximately the same and the 
separation between them can be asswned to be equal, Eqn 6.1.1 can be used 
unchanged. The relative perrnitivity Er for the Melinex shield around the primary turn 
core is 3.2 and inserting this and the secondary turns dimensions from Fig 6.1.2 into 
Eqn 6.1.1 yields 
C = 8.85 X 10-12 X 3.2 X (0.000 1 X (2n X 0.0595 )) = 0.211 pf 
0.005 
between adjacent turns. This gives a total of approximately 0.42 pF for the inter-turn 
capacitance of the primary winding, assuming that the inter-turn capacitance is the 
same between each of the pair of turns. 
The capacitance between adjacent secondary turns can be calculated as that between 
two current carrying parallel cables, and it is therefore given approximately by: 
(6.1.2) 
where r is here the radius of the secondary turns and d is the distance between the 
centres of adjacent turns. Thus from Eqn 6.1.2 and Fig 6.1 .1: 
C n x 8.85 x lo- t2 827 F .. 1 f662 pc: h d . d ' = = . p g1vmg a tota o p J.Or t e secon ary wm mgs, 
tn( 0.02875 ) 
0.001 
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again assuming that the inter-turn capacitance is the same between all turns. 
Finally, the capacitance between the primary and secondary turns can be 
approximated as that between two coaxial cylinders, or 
C = 2;r x& 0& rx / 
b In -
a 
(6.1.3) 
where I is the axial length of the transformer and a and bare the radii of the secondary 
and primary turns respectively. Thus from Eqn 6.1.3 and Fig 6.1.1 , 
C = 2;r X 8.85 X w - l l X 3.2 X 0.25 = },3 nf. 
ln 0.0595 
0.0575 
All other sources of stray capacitance are negligibly small, and the total of the above 
three capacitances is undoubtedly very small when compared to the 600 nF 
capacitance that provides the transfonner with stored energy. Thus although a very 
small part of the stored energy from this capacitor will obviously be used to charge 
these capacitances, the loss of the inital energy incurred this way can be neglected. 
(b) Inductances. 
The various inductances of the transformer also need to be calculated to be able to 
theoretically calculate the losses. The self-inductance of the either windings can be 
obtained from the familiar formula for the inductance of a solenoid [5.9] 
where llO = 4'/fX 10-7 H/m 
N = number of turns 
r = radius of the turns( m) 
I = axial length (m) 
(6.1.4) 
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Then using the dimensions given m Fig 6.1. 1, the self-inductance of the 3-turn 
primary winding is 
and that of the 80-turn secondary turn is 
Ls = ( 41l" X J 0-7 X 80 2 X 1l" X 0.05752 ) = 334 J.LH. 
0.25 
The total leakage inductance of the transformer referred to the primary winding is 
[5.9] 
where N 1 is the number of primary turns 
hence 
r1 is the radius of the primary winding 
r2 is the radius of the secondary winding 
I is the axial length 
L = 41l" X 10-
7 X 32 X 7r(0.0595 2 - 0.0575 2 ) = 33 3 nH leakage • · 
0.25 
The mutual inductance between the two windings is given by [5.9] as 
2 
r = ,UoN,N2m 2 
J..Jmutual 
I 
= 41t X 10-7 x 3x80 X1t X 0.0575 2 = 12.62 J.LH. 
0.25 
(6.1.6) 
(6.1.5) 
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so that the coupling coefficient k of 
(6.1. 7) 
is therefore 12·62 = 0.976 . 
.Jo.5 x 334 
The coupling coefficient of0.976 indicates that the transformer is efficient. 
6.1.3. Pulse generating circuit. 
The circuit in which the transformer is used is shown in Fig 6.1.4. The 600 nF 
capacitor C is charged to 22 kV (145 J), and closure of the mechanically triggered 
spark gap SG 1 produces a fast changing primary current of 20 kA in under 500 ns. 
With a primary/secondary mutual inductance of 12.62 ).lH, a voltage of 500 kV should 
in theory thereby be induced in the secondary turns, if all switching and transformer 
losses are ignored. 
R SG1 
c~ 3 
turns 
T 80 turns 
Fig 6. 1.4 - Schematic of the 200 kV pulse transformer. 
C = 600 nF 25 kV capacitor 
R = 0.8 Q damping resistor 
SG 1 = Mechanically triggered spark gap switch 
SG2 = 20 cm diameter aluminium spheres. 
SG2 
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All connections in the transformer circuit are made using 0.1 mm thick and 120 wide 
copper strip. The spark gap SG2 is used not only to limit the voltage across the 
secondary turn but also to act as a visual voltmeter. As the aluminium hemi-spheres 
are large, the electric field between them is reasonably uniform and, when the voltage 
in the secondary circuit becomes sufficient to breakdown the air between the spheres, 
ionisation of the air between them takes the form of a plasma channel that is seen by 
the eye as a spark. The unifom1ity of the electric field within the gap means that a 
breakdown stress of 3 kV/mm at STP can be assumed, and together with the 
knowledge of the gap length a rapid estimate is provided of the voltage being 
generated. 
The equation describing the voltage at breakdown, V (kV), in a uniform electric field 
gap is given by [5.27]: 
V = 6.66 x U +[24.55+0.41(0.01e- l))p~ 
'JP]O 10 
293 
wherep = ---
(273 + t) 
e = relative humidity(%) 
S = length of gap (mm) 
t =temperature (°C) 
(6.1.8) 
(6.1.9) 
Figure 6.1.5 shows how the breakdown voltage varies with temperature and humidity 
as defined by Eqn 6.1.8, and this graph was used to set the gap length to give a 
required breakdown voltage. 
Initial testing of the transformer was performed with the capacitor discharged from 4 
kV and the secondary windings short circuited, to determine the voltage reversal 
experienced by the capacitor due to the interchange of energy between the capacitor 
and the load. It was established that the figure reached was in fact 75 %, as shown in 
Fig 6.1.6, which would undoubtedly have corresponded to an excessive reversal if the 
capacitor had been used at its rated voltage. To keep the voltage reversal below the 30 
% that the manufacturer suggests (Appendix 11.4), it is necessary to either introduce a 
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damping resistor or to crowbar the capacitor at the first zero voltage during a 
discharge. Since this latter approach would require both a high current, high voltage 
spark gap and a timing circuit, it was decided to use damping resistors. 
lOO ~-r-----,---------,-,---.------,----,-r--7~~ 
- Temperature: 20 C Humidity: 50% ~ 
uo - Temperature: 20 C Humidity: 0% 
-Temperature: 20 C Humidity· 100% 
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Temperature: 20 C Humld1ty: 50% 
- Temperature· 30 C Humidity· 50% 
0 ~o----~~ --~.~o----~~~--~~~--~~oo~--~~~ ---J~~~--_J~~~--~~~~--~m-
Distance S in mm 
Fig 6. 1.5 - Sphere breakdown voltage graph showing relationship of changing 
humidity and temperature. 
0 1250 2500 3750 5000 6250 7500 
time fns) 8750 10000 11250 12500 
Fig 6.1.6 - Primary winding voltage - short circuit test. 
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From the known value of the capacitance C and the measured frequency f of the 
oscillations in Fig 6.1.6, the effective inductance L of the overall primary circuit can 
be calculated as 
L = 1 
(2rifY c 
= = 0.49 JlH, from 
(2.n- x 294x1 03 Y 600nF 
(6.1.10) 
which confirms the theoretically derived value of 0.5 pH in Eqn 6.1.4. The resistance 
requi red for critical damping is therefore 
R =2~ and (6.1.11) 
= 2 0.49xlo-6 = 1.80 o. 
600x 10- 6 
Since however a 30 % voltage reversal could be permitted, a value of 0.8 0 was 
chosen, which gave the required damping evident in the experimental result of Fig 
6.1.7. 
0 1250 2500 3750 5000 6250 7$00 
ttmeln;,l 
8150 I 0000 11250 12500 
Fig 6.1.7 Primary winding voltage with 0.8 0 damping resistor. 
- secondary short circuit test 
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Fig 6.1.8 shows two of the five 4 0 HVR lntemational 708A resistors that were 
connected in parallel to produce the required damping resistance. Made from a solid 
composite ceramic rod 20 mm in diameter and 68 mm long these are able to withstand 
a voltage of 7 kV under pulsed conditions for I JlS. Moreover each resistor can absorb 
0.5 kJ for a single shot. 
Fig 6.1.8 - HVR International 708A 4 0 resistors in parallel. 
The very high current flowing in the primary circuit of the transformer could not be 
easi ly monitored, as suitable current transformers or Rogowski Coils were 
unavailable. It was therefore modelled using mathematical software (See Appendix 
11 .3 and 11 .3.2.) that is known to produce very accurate results for this type of 
situation. Thus Fig 6.1.9(a) shows the predicted primary current without the damping 
resistors, with the frequency of oscillation being close to the measured value evident 
in Fig 6.1 .6, while Fig 6.1.9(b) shows the predicted current when the 0.8 0 resistor is 
included. 
4 
2 10 0 10 
lime (us) 
Fig 6. 1.9 (a) - Primary current waveform without resistor. 
20 
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10 
lime(us) 
Fig 6.1.9(b) - Primary current waveform with resistor. 
Figure 6. 1.1 0 shows a typical waveform of the vo ltage measured across the sphere 
gap under open-circuit conditions, when the sphere gap is too long to allow 
breakdown. As this voltage could be accurately measured using both the opto-
electronic and commercially available probes, it was not thought necessary for it to be 
modelled. 
~ 
-j 0 
~ -60 
time (ns) 
Fig 6.1.1 0 - Open-circuit secondary voltage measured by 200 kV opto-electronic 
probe connected across the spheres. 
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Fig 6.1.11 presents the measured peak open-circuit output voltage of the transformer 
for different charging voltages of the 600 nF capacitor. Theoretically the characteristic 
should be linear, with the output voltage increasing in proportion to the input voltage. 
The small deviations that are however present are due to slight differences in the 
closing behaviour of the spark gap switch at the higher charging voltages. 
ln practice, to produce 200 kV the capacitor needed to be charged to 22 kV, when the 
voltage in both the primary and secondary windings would be 7.33 kV/turn if the 
transformer was ideal. Moreover had it been ideal, the induced voltage in the 80 turn 
secondary turn would have been about 584 kV. The various voltage drops that are 
present in the transformer circuit and which lead to the substantial discrepancy are 
indicated below. 
1) There is a volt drop across the 0.8 0 damping resistor in the primary, which at the 
peak current of 15 kA (see Fig 6.1.9 (b)) is approximately = 15 kA x 0.8 0 = 12 kV. 
(Ideally a 12 kV drop in the primary circuit equals 320 kV when referred to the 
secondary circuit.) 
2) Other losses include the voltage drop in resistances of the primary winding of 15 
kA x 0.05!2 = 750 V and in the secondary winding of 20.58 A x 2.8 n = 57 V. The 
total value referred to the primary is therefore approximately 750 V. 
Higher voltages could undoubtedly be produced with the transformer immersed in oil, 
but before attempting to do this, a second transformer was built to study the problems 
of producing higher voltages in air. 
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Fig 6.1. 11 - 200 kV transformer input/output characteristics. 
6.2. 400 kV transformer details. 
25 
From experience gained while designing the 200 kV transformer, it was clear that to 
overcome the losses described in Section 6.1.3 the turns ratio would need to be 
increased considerably above the theoretical value, and for the 400 kY design it was 
accordingly chosen as 2 : 300. 
6.2.1. Design. 
The former used for this transformer was a 15 mm thjck and 320 mm diameter high 
density polythene pipe. Although its normal use is fo r distributing gas underground it 
has an electrical breakdown strength of about 30 kV /mm. 
Fig 6.2.1(a) and 6.2.1(b) show the arrangement of the transformer. The 2-turn primary 
winding was made from 0. 125 mm thick and 600 mm wide alumjnium sheet, with the 
turns separated by 4 layers of 100 JJ.m Melinex. The two primary turns were wound on 
top of each other rather than spirally as in the 200 kV transformer. Adopting this 
technique helped to reduce the overall s tray inductance of the primary winding. 
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The secondary turns were made from Permanoid BSR29 cable that consists of tinned 
annealed stranded copper conductors insulated in type El2 silicone rubber. It is able 
to withstand 4 kV DC, giving a total insulation protection of 8 kV between turns. 
With an outer diameter of 2.2 mm, the 300 secondary turns occupy a linear distance 
of 660 mm along the former seen in Fig 6.2.2, which is sufficient to prevent surface 
tracking occurring from end to end. 
Once again, the first turn of the primary winding and the last turn of the secondary 
winding were electrically bound together and solidly connected to earth to prevent 
them from floating to a dangerously high voltage and so damaging the transformer. 
Inter-turn insulation was provided by 40 layers of 100 Jl.m thick Melinex, shown being 
wound on the former in Fig 6.2.3. The light from the four 500 W bulbs was directed at 
the Melinex during the winding process to prevent any moisture being trapped 
between the turns. The ends of the 40 layers of Melinex were sealed with silicone 
sealant to prevent further moisture creeping between the layers. 
Air core 
<320 mm diamater > 
Polythene pipe 
(15 mm wall thickness) 
Fig 6.2. 1 (a) - 400 kV transfonner arrangement. 
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Fig 6.2. 1 (b)- Top view of 400 kV transformer. 
Polythene pipe 
Secondary 
•••Melinex 
•••Primary 
Fig 6.2.2 - 300 turn secondary turn on the polythene pipe former. 
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Fig 6.2.3 - Turn on the 100 p,m Melinex. 
6.2.2. Transformer Inductance and capacitance. 
(a) Capacitance 
The inter-turn capacitance between the two turns of the primary winding can be 
calculated from Eqn 6.1.1 as 
C = 8.85 X 10-12 X 3.2 X 0.63 = 44.5 nf. 
400x 10-6 
where, as before the relative permitivity of Melinex is 3.2 and the permitivity of free 
space is 8.85 x 10-12 F/m. The area of each turn is now 0.63 m2 and the turns are 
separated by 4 layers of 100 p,m Melinex. 
The inter-turn capacitance of the secondary winding can be calculated from Eqn 6.1 .2, 
with the radius of each secondary turn being 0.0011 m and the separation between 
adjacent turns 0.0001 m, 
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C = ;r x 8.85 X 10-12 = 11.6 pf 
ln(O.OOll) 
0.0001 
giving a total of 3.48 nF for the 300 turn secondary winding. 
Similarly, the capacitance between the primary and secondary turns is from Eqn 6.1.3 
C = 2;r X 8.85 X 10-12 X 3.2 X 0.60 = 3.5 nf. 
In 0.1672 
0.1622 
since the axial length of the primary is 0.6 m, the radius of the primary turn is 0.1672 
m and the radius of the secondary windings is 0.1622 m. 
The total capacitance of the transformer is thus again sufficiently small for the energy 
absorbed during use to be only a very small fraction of the electrostatic energy 
initially stored in the capacitor. 
(b) Inductance 
The inductance ofthe 2-tum primary winding is from Eqn 6.1.4 
Lp = 4nx10-7 x2 2 xnx0.167 2 =0.73 H 
0.60 ll 
since the radius and length of the turn are 0.167 m and 0.6 m respectively. 
The inductance of the 300-tum secondary is, from Eqn 6.1.4 
Ls= 4n x 10-7 x300 2 x n x0. 162 2 =O.Ol4 H 
0.66 
since the radius and length of each turn are 0.162 m and 0.66 m respectively. 
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The total leakage inductance referred to the primary side of the transformer is given 
by Eqn 6.1.5 as 
L = 4n x 10-
7 x 2 2 x n(O.l67 2 -0.1622 ) _ 43 nH leakage - • 
0.6 
The mutual inductance between the primary and secondary turns is given by Eqn 
6.1.6 
r = 4n x l0-7 x 2x300 x rc x 0.1622 = OlmH 
L.Jmutual • 
0.6 
and the coupling coefficient k is given by Eqn 6.1. 7 as 
k = O.l x lo -3 =0.989 . 
.Jo.73 X 10-6 X 0.014 
The coupling coefficient of the transformer indicates that it is indeed quite efficient. 
6.2.3. Pulse generating circuit 
The physical connections to and from the transformer via the switch were made from 
0.125 mm thick 120 mm wide copper sheet. The large width helps to keep the 
inductance of the primary circuit as low as possible and so enable a high rate-of-
change of current to be achieved in the primary turns. 
SG 
1 f..l F 
Fig 6.2.4 - 400 kV transformer circuit schematic. 
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C is a 1 J,LF capacitor with an internal inductance of20 nH. 
SW is a mechanically triggered spark gap switch [Chapter 6.6.2]. 
SG is a 40 cm diameter aluminium sphere gap 
R is the damping resistor. 
The 1 J.J,F capacitor discharges a rapidly charging current into the primary winding of 
the transformer when the mechanically triggered spark gap switch closes. This 
induces a high voltage in the secondary winding that appears across the aluminium 
sphere gaps. As with the 200 kV transformer, the sphere gap is used to fix the 
maximum voltage that can be produced across the gap and at the same time to serve 
as a visible voltage meter. 
Figs 6.2.6 shows the vo ltage and current recorded across the secondary winding 
during an open circuit test, with the sphere gap sufficiently long for breakdown not to 
occur. Fig 6.2.7 shows similar results for a test when the sphere gap was set to 
breakdown at about 400 kV. The first set of results demonstrates the behaviour of the 
damped transformer circuit, with the oscillations decaying almost to zero within about 
50 J.J,S. The second set of results shows that as soon as the voltage required to 
breakdown the sphere gap is achieved the voltage falls rapidly to zero, and this 1s 
accompanied by the electrical noise that is typical of sphere gaps. 
450 210 
320 50 
160 
~ g 
G) c 01 0 11 Q) t: 0 ~ 
> u 
-1 50 
-225 
35 40 50 
time (us) 
Fig 6.2.6 - Secondary output voltage on open circuit. 
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Fig 6.2. 7 - Secondary output voltage as affected by sphere gap breakdown. 
Testing confirmed that to produce secondary vo ltages peaking at about 480 k V 
required the capacitor to be charged to 22 kV. However with frequent use, the 
evidence of breakdown in the secondary turns was detected with Fig 6.2.8 showing 
the voltage falling almost to zero before rising again to its peak at around 300 kV, 
only to breakdown again. Nevertheless, because of the low current in the primary 
circuit and the even lower current in the secondary circuit there is little visible damage 
produced to the secondary turns themselves. 
200 
-l::Mil-----!:-----J.-2 -----;3~--~ ..----.:--~ ----!6:----=-7---...,8;!;----:!9,....----:-:!10 
tiM(111) 
Fig 6.2.8- Evidence of breakdown in the open-circui t secondary. 
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Obviously, if a larger capacitor had been used then there would have been more 
evidence of breakdown and maybe even a destroyed transformer. Although the cable 
was rated at 8 kV between turns under DC conditions, tracking and flashover still 
took place, illustrating yet again that the fundamental problem of very high voltage 
production in air is a very difficult task. In addition, the 300-tum secondary winding 
was stressed at slightly more than 8 kV per turn, and although the secondary cable 
insulation should theoretically be able to withstand more that this between turns under 
pulsed conditions, tracking and flashover did nevertheless occur across the axial 
length of the secondary winding. 
6.2.4. Redesign of the 400 kV transformer. 
Experiments with the first 400 kV transformer that was constructed indicated that it 
would need to be rebuilt if it was to work satisfactorily at the required voltage. The 
design approach followed for the redesign work was therefore slightly different from 
that of the original design. The former was once again made from a length of the same 
plastic pipe (Fig 6.2.1 0), but this time it was screw threaded along the entire length to 
a width of 2.2 mm and a depth of 5 mm, as shown in Figs 6.2.11 and 6.2.12. The 
thickness of the pipe wall is 15 mm and with a thread depth of 5 mm this leaves a 
thickness of just 10 mm. However, due to the length of the pipe (660 mm) it was 
difficult to find a machine that could take it in one length for screw cutting. The pipe 
was therefore cut into halves with a spigot on each of the ends that were to be in 
contact, and each half was individually threaded before being brought together. The 
spigot was 20 mm long, so that the joint was sufficiently strong to withstand the full 
weight. In addition to this, the break in the pipe would also produce an electrical 
weakening at that point, but the spigot also serves to increase the creapage (surface 
tracking) distance. 
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Fig 6.2. 1 0 - The two halves of the former. 
Winding the secondary turns into the thread means that a longer electrical path is 
created between the turns, thereby making them more resistant to electrical 
breakdown. The sequence of pictures from Fig 6.2.10 to 6.2.15 illustrates tl1e 
manufacturing process of the redesigned 400 kV transformer. The size of the pitch of 
the thread along the axial length of the pipe is shown in Fig 6.2.12. The secondary 
turns was made from enamelled copper wire with a thickness of 1 mm and a width of 
2.15 mm. 
Fig 6.2.11 - Screw threading each part of the pipe. 
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1 mm 
++ !\Jl 
2.2mm 
Fig 6.2.12- Thread pitch of the threading on the former. 
With each turn requiring an axial length of 3.2 mm, a total of 200 secondary turns 
could be accommodated on the secondary former, as shown in Fig 6.2. 13. Following 
this, a 5 mm thick layer of silicone sealant was applied across the entire former as 
shown in Fig 6.2.14, covering the secondary turns and providing extra breakdown and 
surface tracking protection. As usual, fifty layers of 100 p,m Melinex (see F ig 6.2.15) 
separated the secondary winding from the 2-turn primary winding (see Fig 6.2.16.) 
Fig 6.2. 13 - Winding the secondary turns into the threads. 
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Fig 6.2. 14- Silicone sealant applied to the secondary winding. 
(Lamps at the bottom apply heat to cure the si licone more rapildy). 
Fig 6.2.15 - Layers of Melinex wound on top of the silicone sealant. 
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Fig 6.2.16- Two turn aluminium primary winding wound on top of the Melinex. 
Obviously, with the changes in the transformer design the values of both the 
inductance and capacitance were changed. It had already been established when 
designing the initial 400 kV transformer that the primary and secondary capacitances 
were small and could be disregarded. The new design had an increased distance 
between each turn in the secondary and with just 200 turns this means that the inter-
turn capacitance was in fact even lower. The inductances confirm that the primary 
inductance will remain as 0.73 JLH since the overall radius of the primary turns 
remains unchanged. 
The secondary inductance is from Eqn 6.1.4 
Ls= 4n x 10-7 x 2002 x n x 0.157 2 = 6.0SmH 
0.64 
since the radius and length of the 200 turn secondary winding are 0.157 m and 0.66 m 
respectively. 
The total leakage inductance referred to the primary turns of the transformer is given 
by Eqn 6.1.5 as 
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L = 4n x 10-
7
x2 2 xn(O. l67 2 -0.1572 ) = 852 nH leakage · 
0.6 
since the radius of the 2 turn primary is 0.167 m . 
The mutual inductance between the two windings of the transformer is given by Eqn 
6.1.6 as 
Lmutual = _4_n_x_1_0_-_
7
_x_2_x_2_0_0_x_ n_x_0_._15_7_
2 
= 64.8 t.tH. 
0.6 
and the coupling coefficient k by Eqn 6.1.7 as 
k = 64.8 x 1 o-6 = 0.972. 
~0.73x10-6 x6.08x 10-3 
The coupling coefficient once again indicates that the transformer is indeed quite 
efficient. 
The circujt for using the new design is the same as that given previously in Fig 6.2.4. 
Fig 6.2. 17 shows the primary winding voltage produced with the secondary winding 
short circuited, both with and without the 0.25 0 damping resistor helps to reduce the 
voltage reversal to less than 30 % of the original capacitor voltage. Fig 6.2. 18 shows 
two results with the secondary open circuit output being measured across the spheres. 
The tests were performed at the same charging voltage (12 kV) and a series of such 
resu lts clearly demonstrated that the transform.er circuit is capable of producing 
repeatable results, and that it can therefore be used with confidence for testing the 
high voltage electro-optic probes. 
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Fig 6.2. 17 - Voltage across primary winding with the secondary winding on short 
circuit. 
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Fig 6.2 .1 8 - Open circuit secondary vo ltage. 
Fig 6.2. 19 show results from a range of experiments performed with the secondary 
winding on open circuit and the 1 J.LF capacitor charged to 22 kV, 24kV and 26 kV to 
achieve secondary voltages of350 kV, 390 kV and 420 kV respectively. 
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Fig 6.2.19 - Results from a range of open circuit test result with different voltages to 
420 kV. 
As the transformer was rated at just 400 kV, higher voltage tests in air were not 
carried out. However there was a need to demonstrate that high-voltage transformers 
can be made much more smaller if they are not to be used in air, and the next section 
describes a miniature 500 kV oil immersed transformer. 
6.3. 500 kV oil immersed transformer 
The 200 kV transformer design described in Section 6. 1 was basically that adopted for 
the 500 kV transformer. However rather than relying on air insulation, the entire 
transformer was immersed in oi l as shown in Figs 6.3.1 and 6.3.2. With oil being able 
to withstand between about 70 kV/mm and 100 kV/mm, (compared with the 3kV/mm 
of air) much higher voltage transformers can clearly be made. The experimental 
arrangement for using the transformer is shown in Figs 6.3.3 and 6.3.4. However the 
capacitor C is now 1 J.tF, rather than the 600 nF used previously, to enable an 
107 
increased rate of change in the primary current to be developed and a higher voltage 
induced in the secondary winding. 
mon•unnmAr immersed in 
Castrol class 1 
transformer oil 
Fig 6.3.1 - 500 kV oil immersed transfom1er. 
Fig 6.3.2 - Transformer immersed in oil. 
manner 
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Fig 6.3 .3 - Experimental assembly of the oil immersed transformer. 
In the circuit of Fig 6.3.4, capacitor C supplies the primary winding v1a the 
mechanically triggered closing spark gap switch SW. The high-voltage induced in the 
secondary winding breaks down the pointed spark gap SG at a voltage detennined 
mainly by the separation. One electrode of the spark gap is connected to the output 
from the transformer secondary, and the other to the resistive divider formed by the 
1400 0 and 500 0 resistors and then to ground. Voltage probes to measure the 
secondary voltage are connected across this resistive divider. 
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Fig 6.3.4- Schematic of the oil-immersed transformer test circuit. 
Fig 6.3.5 - Breakdown of the spark gap. 
(In this figure the gap is 125 mm long). 
The voltage divider formed by the 400 0 and 1500 0 resistors comprises a single 
resistor made from de-ionised water, doped with CuS04 crystals and contained within 
a polythene pipe. As the resistor is 340 mm long (to withstand 500 kV) it has a 
diameter of 70 mm to reduce the inductance. One problem with CuS04 resistors is 
that the resistance changes with temperature as the solubility of the crystals changes 
[5.26]; however with the three connections taken as shown in Fig 6.3.6 the attenuation 
ratio remains at 4.75 : 1, irrespective of the temperature. 
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Fig 6.3.6 - High voltage, high wattage CuS04 resistor. 
The polythene pipe was coated with anti-corona lacquer to prevent surface tracking. A 
high performance 1 00 kV commercial probe is connected across the 400 0 part of the 
resistor and the miniature 500 kV is connected across the entire 1.9 kO, so that the 
I 00 kV voltage probe receives only 21 %of the total applied voltage. Both probes are 
connected at the same time and comparable results were obtained. 
Fig 6.3.7- 500 kV resistive divider with a 100 kV commercial probe, current 
transformer and the miniature 500 kV probe all connected. 
A very fast rising voltage appears across the spark gap before it breaks down, and 
following this, almost all the voltage produced by the transformer appears across the 
resistor. 
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The temperature rise for the resistor per experiment is sufficiently low for there to be 
no discernable change in resistivity. If the 1 JJ-F capacitor was charged to 25 kV and 
this entire energy stored was dissipated in the resistor, its rise in temperature 6T is 
governed by 
(6.3.1) 
where C is the capacitance , V is the charging voltage and M is the mass of water. The 
specific heat capacity of the copper sulphate solution Cs can be assumed to be the 
same as that for water (since only a very small amount of CuS04 is used) and it is 
therefore 4200 J/kg.K. The mass of water in the 320 mm long by 45 mm diameter 
tube is: 
M = 1000 X 7r X 0.0352 X 0.34 = 1.31 kg. 
so that from Eqn 6.3.1 
giving ~T = 0.057 K. 
This temperature rise can safely be ignored, as it is insufficient to cause any 
discernable change in the resistivity of the copper sulphate solution. 
A second but nevertheless important characteristic of the resistor is its inductance, 
which can be calculated from the standard formula 
L=0.002x/x log ---( 2/ 3) 
e r 4 
where l (cm) is the length of the resistor and r (cm) is its radius. Thus 
L = 0.002x32x log ---- = 0.15J.tH ( 
2 x 34 3 ) 
e 3 4 
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which is very small compared to the overall inductance of the secondary circuit. 
Figs 6.3.8 shows a typical test results for the transformer. 
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Fig 6.3.8 - Voltage across the gap and current though the secondary winding. 
Fig 6.3.8 shows the voltage and current in the secondary winding as measured across 
the spark gap. The voltage in the secondary can be seen to reach about 72 kV and then 
breakdown the spark gap, at which point current starts to flow. Once breakdown 
occurs, the current rapidly falls to zero. 
Typical 500 kV voltage measurements taken across the resistor are shown in Fig 6.3.9 
(a) and 6.3.9 (b). When the 1 11F capacitor was charged to 32 kV and the peak voltage 
achieved was 510 kV. Fig 6.3.9 (b) focuses on the initial fast rising pulse and shows 
that the voltage pulse rises in about 80 ns. With such short a rise time the generator 
could be adopted for use as a microwave source or even a power supply for an X-ray 
tube. 
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Fig - 6.3.9 (a) - Typical 500 kV waveform measured across the resistor. 
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Fig 6.3.9 (b) - Zoomed version ofFig 6.3.9 (a) to show fast rise time of the 500 kV 
voltage pulse. 
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6.5. HV DC power supply 
To charge the capacitors supplying the transformers, the high-voltage DC power 
supply unit shown in Fig 6.5.1 was designed and produced. A main powered 
transformer capable of outputting 5 kV RMS (50 mA maximum current) was 
connected to a 5-stage Cockcroft-Walton voltage multiplier system. Each stage of this 
will reach a maximum of the peak-to-peak voltage output of the transformer, which in 
this case is 2 x 5 kV x .J2 or 14.14 kV. Under no-load condition and ignoring any 
losses, the overall output would be 70.7 kV. However in practice the maximum 
voltage produced from the output is approximately 2/3 of the theoretical figure. In 
addition to this, the number of stages that should be used is highly dependant on how 
much current is to be drawn, because more stages gives a higher output voltage, but at 
a lower current. This is because as can be seen from Fig 6.5. 1, the capacitors are all 
connected in series, and more stages involved the more series connected capacitors. 
This results in a lower capacitance and stored energy and thus a reduced current. 
The diodes used in the multiplier were Phillips BY8412, with a rating of 15 kV, 3 
mA. Due to this low figure seven parallel-connected diodes were used in each stage, 
so that a total of 140 diodes was required for the entire multiplier. Each stage also 
includes a 1 kO, 10 W high voltage current-limiting resistor, as the individual diodes 
are severely stressed. The output of the multiplier is also connected to the series-
connected charging resistors, each of which is rated at 10 kO, 14 W and serves to 
protect the power supply from the voltage reversal that would occur if the closing 
switch of the test system failed during charging. In addition, when carrying out short-
circuit tests it is vital to limit the current so as not to destroy the diodes. As shown in 
Fig 6.5 .2, the entire 5-stage multiplier was immersed in class 1 transformer oil to 
avoid breakdown and to assist in cooling the passive devices. The 5 kV transformer 
operates at 50Hz and multiplies the voltage during each cycle, so that the unit is best 
suited for charging small to medium loads. The experiments the power supply has 
been designed for require capacitors of just 600 nF and 1 JJ.F to be charged to about 30 
kV. 
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Fig 6.5.3 - Characteristics for the power supply under (near) no-load. 
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As shown m Fig 6.5.3, the output voltage of the multiplier has a trapezoidal 
waveform, as the diodes allow charging of the capacitors in one direction only. 
However when the voltage reverses, due to the AC input to the multiplier, the 
capacitors begin to discharge, causing a voltage drop and giving rise to the ripple 
effect. The amplitude of the ripple also depends on the current that is being drawn by 
the load. 
Every stage in the 5-stage multiplier is at a slightly different voltage that depends on 
the load. The first stage will experience the maximum voltage, the next stage voltage 
will be slightly lower voltage and so on. Thus the components in the first stage will 
be stressed the most. It is difficult to quantify at what rate the power supply can 
charge different capacitive loads, since it is not a constant current device. 
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Fig 6.5.4- Output from the HV DC power supply during open circuit. 
Fig 6.5.4 shows the typical output from the power supply during an open-circuit test. 
The output connected only to the Northstar PVM 6 voltage probe, that provides a load 
of 8 pF with an impedance of 400 MD . The voltage peaks at about 52 kV, which is 
also the maximum that the power supply can produce. Although the theoretical output 
should be around 70 kV, this is limited by the following features 
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1. As the number of stages in a Cockroft-Walton multiplier increases, so do the 
losses. If the transformer had a higher output voltage fewer stages would be 
required, and a more efficient power supply would result. 
2. There is a voltage drop across the 1 kO resistor in series with the diode and 
capacitor in each multiplier stage. However this resistor helps to limit the 
current drawn through the high voltage diodes. 
3. There is a further voltage drop across the 50 kO resistors. As these help to 
protect the multiplier from voltage reversal during the charging stage they 
however are essential. 
As 50 kV is more than sufficient to charge the capacitors no further modifications 
were made to power supply. 
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7.0 HIGH VOLTAGE SWITCHING AND BREAKDOWN 
7.1. Switching and control 
All the experiments described in this thesis require single-shot switches capable of 
operating at around 30 kV and 30 kA. The use of commercial high-voltage switches is 
clearly impractical, since devices such as thyratrons, klystrons and thyristors all 
switch at around 5 kV to 10 kV and would need to be arranged in a series stack for 
use at the required higher level of voltage. High-voltage switches optimised at 
Loughborough University over many years were therefore used throughout the 
experiment. Of these, the two most popular and easiest to set-up are the nail switch 
and the mechanically triggered spark-gap switch. 
A. Nail switch 
The nail switch is a very simple closing switch that is ideal for use at both high 
voltage and very hjgh current, as it has a very low inductance and a low resistance. As 
shown in Fig 7 .1. 1, the first copper plate connected to the capacitor is insulated by 
layers of 100 ~m thick Melinex from the second copper plate that is connected to the 
load circuit. Finally the switch mechanism it placed on a grounded copper sheet, 
which is separated again with layers ofMelinex. 
As a general rule, a single layer of I 00 j.lm thick Melinex will insulate up to 10 kV, 
and to prevent surface tracking it is also essential for the Melinex to be larger in 
surface area than the copper plates. To provide the switching action, a sharp nail is 
placed in a hole in the top copper sheet that is the same size as the nai I. Once the 
capacitor is charged to the required voltage a weight is dropped onto the head of the 
nail. As this begins to pierce the Melinex the high electric stress that is produced 
causes the Melinex to breakdown, and the circuit is completed. As only the Melinex 
separates the two copper plates, tills very small distance ensures that the inductance of 
the switch is very low. After firing the layers of Melinex are replaced, which 
represents the only item of the switch that has to be replaced for each shot. However 
if insufficient layers of Melinex are used, or if they become scratched during 
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replacement premature breakdown during charging could result, leading to a wasted 
shot. 
Fig 7.1.1- Nail switch set up . 
B. Mechanically triggered spark gap switch. 
In the arrangement seen in Fig 7. 1.2 the two electrodes on either side of the falling 
copper contactor are separated by an air gap that is able to withstand more than the 
maximum charging voltage can either breakdown or track across. As the contactor 
starts to fall, a strong electric .field is created between it and the copper plates. As soon 
as the field strength exceeds the breakdown strength of air, an arc is created between 
copper plate 1 and the contactor and copper plate 2 and the contactor. The resulting 
plasma completes the circuit even before the contactor makes physical contact with 
the plates. Because the circuit is completed through an arc the inductance of the spark 
gap switch is greater higher than that of a nail switch, which means th.e maximum 
current that can be switched is usuall y limited to about 50 kA. 
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Fig 7.1.2 - Mechanically triggered spark gap switch. 
It is however very easy to set up and to reset this type of switch, as it does not require 
any changes after each experiment. However after a number of shots, depending on 
the current through the switch, the falling contactor becomes eroded and needs to be 
replaced. The larger the area of the falling contactor the longer it will last before this 
becomes necessary. 
As this switch works by breakdown through air it closes earlier with a high charging 
voltage. Moreover, the longer the arc the larger are the corresponding inductance and 
resistance. 
The inductance of the switch can be reduced by reducing the length of the spark and 
one simple way of achieving this is to cover the falling contactor with an insulator 
that will breakdown at the charging voltage (shown in the Fig 7 .1.2). A typical spark 
gap switch will have a resistance of a few hundred mO. 
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time (us) 
Fig 7.1.3 - Closure of the switch at around 8 kV. 
Fig 7.1.3 shows the noise and jitter produced by the closing switch, which was not 
specifically designed for low noise or jitter, as this was unnecessary for the present 
application. The result was obtained by measuring the voltage between the output of 
the closing switch and ground during an experiment. 
C. Safe high-voltage control and monitoring. 
It is vital to keep the control systems for h.igh voltage experiments as simple as 
possible, so that they are easy to operate and repair. Introducing unnecessary digital 
circuitry leads to complications, and also requires shielding from the EMC that is 
produced directly from such experiments. This section looks at simple ways to safely 
control and monitor a high voltage experiment [5.29]. 
When a high-voltage is produced, the operator has to be confident of having full 
control over the system at all times and of not being in any danger while using the 
equipment. Thus a number of control and monitoring features were introduced for the 
experimental work of this research. All experiments were controlled from a control 
room away from the laboratory. A CCTV camera with a monitor in the control room 
enabled the entire system to be continuously viewed while conducting an experiment. 
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The camera was powered from a battery and a mains inverter, with a coaxial cable 
carrying the video signal to the control room. Ferrite inductors surrounding the cable 
reduce any surge current due to electro-magnetic interference produced by the 
experiments. 
D. Optical isolated voltage monitoring. 
It is clearly important to monitor the charging voltage of the capacitor at all times 
from the control room, and as the voltage monitoring system is directly connected to 
the capacitor, an optical isolation unit was used. The optical capacitor voltage 
monitoring system employed was designed in 2000 by Mr John Catnach as part of a 
final year project in the Department of Electronic and Electrical Engineering at 
Loughborough University. The final year project documentation (5.12) describes in 
full how the system works. 
The opto-isolation system comprises two separate units, a transmitter and a receiver, 
linked by a long fibre optic cable. A resistive voltage divider capable of withstanding 
up to 30 kV and stepping this down to a maximum of 1.5 V is connected across the 
capacitor to be charged, with the low voltage signal fed to the transmitter. It is here 
converted into digital form via an 8-bit analogue to digital converter, before being 
sent to a set of parallel to serial shift registers. The serial digital data is encoded by a 
Hewlett Packard HFBR1524 versatile link emitter, and then transmitted over the fibre. 
At the receiver end, the serial data is decoded by the Hewlett Packard HFBR2524 
versatile link detector and then fed to a set of four ?-segment LED driver ICs to 
display the capacitor voltage. 
The system works at 10 Hz, which is sufficiently fast to maintain a check on the 
voltage of the charging capacitor. The schematic in Fig 7.1.6 shows the overall 
arrangement of the system, while Figs 7.1.7 and 7.1.8 show respectively the 
transmitter and the receiver. 
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Optical 
transmitter 
6 m fibre optic 
30 resistors in series: 
each 33 M Q • total 990MQ 
Fig 7 .1.6 - Set up of optical voltage measurement system. 
HV DC 
Power supply 
The resistive divider that steps the voltage down from 30 kV to 1.5 V is made from 
thirty 33 MQ resistors connected in series, and occupies a total length of 330 mm. As 
the resistors are the only passive components constantly connected to the test circuit, 
the divider has to be able to withstand more than the full charging voltage. The 
resistors used were 0.5 W BC Components, series VR37, each of which can withstand 
2 kVDC. 
Fig 7 .1. 7 - Optical voltage measurement system - Transmitter. 
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Fig 7. 1.8- Optical voltage measurement system - Receiver. 
6V 
Battery 
The optical transmitter/receiver circuit was designed to have an accuracy of about 0.1 
% and the resistive divider chain has a stated tolerance of about 5 %. The optical 
voltage measurement system will therefore have an overall accuracy of 5 %, which is 
adequate for measuring the capacitor voltage. 
7.2. High-voltage control 
The dump contactors and double pole isolators described below are connected as 
shown ofFig 7.2. 1. The DC power supply described in Chapter 6.5 is used to charge 
the capacitors during an experiment. If the operator wishes to abort an experiment 
during the charging period the capacitor charge needs to be dumped. This is achieved 
by the simple normally closing high vo ltage switch shown in Fig 7.2.2, which shorts 
the capacitor to ground via the 4 kO current limiting resistor. The switch is connected 
in series with the HV contact on the double pole isolator, to ensure that this has to be 
opened before the capacitor can be charged. 
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Fig 7.2.1 -Earth dump and isolator control schematic. 
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W:~:_:~~~~-~-, / Polythene pipe lf xL ~ mm diamater 
100 mm long 
Fig 7.2.2 -Earth dump system. 
Earthed Copper 
disc 
Nylon 1 mm diameter 
When powered the solenoid attracts the armature and lifts by 25 mm (sufficient to 
hold off about 70 kV in air) the copper rod that normally sits on the earthed copper 
disc. When the power to the solenoid is removed the weight of the copper rod raises 
the armature out of the solenoid. The rod falls onto the copper disc, thereby closing 
the switch and dumping the capacitor charge to ground. When there is no power to the 
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solenoid the armature is not magnetically held, and a number of safety systems are 
therefore incorporated into the dump system. 
1) A normally open magnetic reed interlock switch on the laboratory door is 
connected in series with the 24 V power supply to the solenoid. If the door of the 
laboratory is not closed, the solenoid cannot operate and the capacitor is shorted to 
ground. 
2) If a power failure occurs during charging or operating the nigh voltage system the 
solenoid switches off, releasing the armature and shorting the capacitor to dump its 
charge. 
3) If the dump solenoid remains switched on for more than 100 s, the increased 
resistance due to heating reduces the current sufficiently to release the armature and 
short out the capacitor. 
The isolator, shown in Fig 7.2.3, is a double-pole switch that isolates the high voltage 
and mains ground from the capacitor once this has been charged, by disconnecting the 
HV power supply. Without this, any voltage reversal from the capacitor during the 
experiment could damage the HV power supply. In addition, if the mains ground 
remains connected to the circuit during firing, a voltage difference could be created 
along the unknown impedance to ground. However the special purpose laboratory 
ground has a very low impedance and all experiments were permanently connected to 
th.is. 
The isolator switch works on the same principal as the dumps, except that there is a 
latcrung action produced by an internal permanent magnetic. Once the coil of the 
solenoid is energised it attracts the armature, causing the polythene pipe to pivot and 
the two sets of copper blocks to come into contact. Because the solenoid is latched at 
this point the polythene pipe is held in place, whi le the capacitor is charged via the 
contacts. When the current in the solenoid coil is reversed, the magnetising force is 
opposed to that of the permanent magnet field and the armature is released, Trus 
brings the pipe back down to open the switch and halt the charging process. When the 
switch is in the open position the blocks are 25 mm apart, which is sufficient to hold 
off about 70 kV. 
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Fig 7.2.3- HV Isolator system. 
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Both the earth dump and the isolator are mounted on the same platform and are 
controlled remotely from the control room. The electrical schematic for the control 
box for both these solenoids is as shown in Fig 7 .2.4. 
where D I - D6 are I A 50 V Diodes. 
SWl - SW3 are Toggle switches. 
LED 1 - 3 are 5 mm red LED. 
SW4 - Double pole double throw switch. 
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Diode Dl protects the entire circuit from any reverse polarity voltage. Switch SWI 
controls the main power supply to the control box and has to be closed to allow the 
dump and isolator to work. LEDI is illuminated whenever the power in on, with the 
4.8 kO resistor limiting the LED current to 5 mA. Switching SW2 on after SWl 
illuminates LED2 and if the laboratory door is closed (the interlock switch SW5 
closes only when door is closed), solenoid SOL 1 is powered and the dumps are lifted. 
Closing switching SW3 illuminates LED 3, and depending on the setting of the 
double-pole double-throw switch SW4, it either li fts the isolator and enables charging, 
or drops the isolator and halts the charging process. Diodes D2 - D6 are freewheeling 
diodes. As the solenoids are powered from the control room through about 10 m of 
cable, any current flowing in such a length of coil works like an aerial loop emitting 
EMI. Without the free-wheeling diodes, this EMJ will trigger the oscilloscopes being 
used to monitor the experiment. 
Once again, the control circuitry is kept as simple as possible to avoid problems and 
to facilitate easy repair. 
7.3. High-voltage tracking and breakdown. 
Insulators are a very important part of any high-voltage equipment and it is essential 
that they will resist breakdown or surface tracking at the specified voltage. Thus an 
understanding of their breakdown mechanisms [5.4, 5.28] is vital. 
In a liquid or gaseous insulator the transfer of current is restricted by the number of 
charge carriers and damage to the insulation properties involves a fast increase of 
current via the creation of an electron avalanche. In a solid the breakdown is more 
obscure, because during the process not only do the electrons and ionic carriers form a 
conduction path, but other factors such as polarisation also affect the breakdown 
process. In what follows emphasis is laid on UHMWPE (solid), oil (liquid) and air 
(gases). 
If an insulator placed between two electrodes has an electric breakdown strength Eb 
(kV/mm) a voltage difference of V (kV) will be held of by a thickness d (mm) ofthe 
insulator, where 
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d = ~ 
Eb 
if the electrodes are designed with rounded and smooth surfaces. 
Initial breakdown tests were carried out on 1 mm thick sheets of UHMWPE, for 
which the manufacturers claim that DC breakdown occurs at about 40 kV and pulsed 
breakdown at up to 70 kV. Simple breakdown tests to confirm the DC claims were 
carried out using the circuit of Fig 7.3.1. 
25 mm diameter copper 
NC .__ _ _ -oDP~o---_, hemispheres 
power 
supply 
-+-~-dumpl-----o ~ UHMWPE 
isolator 1 mm 
thick sheet 
Fig 7.3.1 - DC breakdown set-up. 
where NC is the Dump switch. 
DPDT is the double-pole double-throw isolator switch. 
The 100 kV Northstar probe is connected across the two copper hemispheres to 
monitor the voltage appearing across them and to enable any evidence of breakdown 
to be recorded by the osci lloscope. Since the probe is rated at a maximum of 60 kV 
DC and 100 kV pulsed, the Variac that controls the output of the DC power supply 
was set to produce a maximum of 55 kV. Fig 7.3.2 shows a typical experimental 
result following closure of the DPDT switch. 
Fig 7.3.2 clearly shows that the voltage across the spheres reaches about 51 kV before 
breakdown of the UHMWPE occurs. As the power supply takes about 1 s to reach 51 
kV this experiment can be effectively regarded as DC. A total of about 30 tests was 
conducted on different samples of UHMWPE sheets and these all indicated the same 
average breakdown voltage of about 51 kV/mm, well above the 40 kV/mm stated by 
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the manufacturers. The size of sheet used for each experiment was 250 mm by 250 
mm, which is sufficient to ensure that surface tracking will not occur. 
c; 
> 
so 
2 4 6 
time (s) 
Fig 7.3.2 - Electrical breakdown of 1 mm thick UHMWPE. 
Fig 7.3.3 - Arrangement for break down tests. 
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Pulsed breakdown tests were carried out using the 500 kV oil immersed transformer 
in the circuit shown in Fig 7.3.4. 
25 mm diameter copper hemispheres 
1 mm 
UHMWPE 
sheet 
curren transformer 
Fig 7.3.4 - Set-up for pulsed breakdown tests. 
The 200 kV electro-optic probe was connected across the hemispheres and, since the 
quoted pulsed breakdown voltage of the UHMWPE was about 70 kV/mm, the 
transformer was set to output no more than 150 kV. Again about 30 breakdown tests 
were carried out, and a typical result is shown in Fig 7.3.5. The output of the 
transformer can be seen to build up to a peak of about 120 kV within 200 ns, at which 
point breakdown occurs and the voltage returns to zero. 
0 200 400 600 
time (ns) 
Fig 7.3.5 - Pulsed breakdown voltage of 1 mm thick UHMWPE. 
In addition to breakdown studies ofUHMWPE, Castrol insulating oil BS148 was also 
tested, as it was used for the oil insulated 500 kV transformer. Breakdown tests were 
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carried out under both DC and pulsed conditions using the arrangement shown in Fig 
7.3.6 
plastic screw tor 
Fig 7.3.6 - Arrangement for breakdown measurements of oil. 
As with the UHMWPE, two hemispheres 25.4 mm diameter are suspended in a glass 
container filled with oi l. The spheres are 0.4 mm apart, as a maximum of 50 kV can 
be generated by the DC power supply under no load conditions. For DC breakdown 
tests the circuit is shown in Fig 7.3.7. When conducting a DC test the double-pole 
isolator switch is closed and the dump switch is opened, and the DC power supply is 
switched on to produce a vo ltage up to 50 kY. When the oil gap breakdown the 
voltage waveform is recorded on the oscilloscope via the probe that are connected 
across the copper spheres. 
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HV DC 
power supply 
Fig 7.3.7- Schematic for oil voltage breakdown. 
Fig 7.3.8 shows a typical experimental waveform with the DC power supply having 
reached about 13 kV when the gap breaks down. The voltage subsequently begins to 
rise again as the power supply is still on, although this time the oil breaks down at a 
appreciably lower voltage. 
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Fig 7.3.8- Breakdown of oil under DC conditions. 
This phenomenon illustrates the self-healing properties of the oil, although there is 
insufficient time between the first breakdown and the second for it to completely heal. 
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However, if the power supply is switched off for a few seconds before being switched 
on again , the oil can once again withstand up to 13 kV. Thus as the peak breakdown 
occurs at 13 kV for a distance of0.4 mm the oil can withstand 32.5 kV/mm under DC 
conditions. 
Fig 7.3.9 illustrates the breakdown characterises of oil under pulsed conditions. Once 
again the circuit of Fig 7.3.7 was used, but with the dump and isolator switches left 
open and the power supply set to produce 30 kV. At this voltage the isolator was 
closed, transferring the voltage to sphere gaps within tens of microseconds to simulate 
a pulsed discharge. The HV power supply (Cockcroft-Walton) has a total capacitance 
of 1 nF in its 5 stages which in turn charge the capacitance formed by the two copper 
hemispheres and the oil until breakdown occurs. The capacitance between two 
spheres is given by: 
C = ne: e a 1n[(a +d)] 
0 r d 
where a is the radius of the sphere and d is the separation and a >> b. For 25.4 mm 
diameter spheres set 0.4 mm apart in oil with a permitivity of 2.2, the capacitance is 
therefore: 
C=2.7llpF. 
It is evident in Fig 7 .3.9 that the pulse starts at 40 J.tS and reaches a peak of 21 kV at 
around 150 J.tS, where the times are defined from closure of the closing switch 
(described in Chapter 6.7.2). Once the oil has broken down the pulse returns very 
rapidly to zero and as the breakdown occurs at about 21 kV for a separation of 0.4 
mm the pulsed breakdown strength of the oil is about 52.5 kV/m.m. 
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Fig 7.3.9- Breakdown of oil under pulsed conditions. 
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Fig 7.3.10 - Breakdown of de-ionised water. 
The same test was repeated with the medium between the spheres being de-ionised 
water. With a relative permitivity of 80, water forms an excellent dielectric for 
capacitors, enabling a very large capacitance to be achieved. Thus if a water capacitor 
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can be pulsed charged sufficiently quickly, and discharged before it breaks down, 
very high capacitance experiments can be conducted. Such experiments are performed 
at A WE, Aldermaston on their flash X-ray machines. Fig 7.3.11 is a zoomed version 
of Fig 7.3.10. It can be seen from these figures that once the water breaks down it 
takes a long time for the voltage to return to zero, due to the extremely high 
capacitance provided by the water. 
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Fig 7.3.11 -Breakdown of de-ionised water under pulsed conditions. 
(Zoomed version of figure 7 .3.1 0). 
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Obviously these experimental results are only useful for one particular sample of 
water under a given set of operating conditions. This is illustrated by a comparison of 
Figs 7 .3.1 0 and 7 .3.11, from which it can be seen that the breakdown strength of the 
water is reduced to about 6 kV /mm for a 1 JlS pulse. 
The breakdown phenomena of air was investigated in Chapter 6.2 with the 200 kV 
transfom1er. Equation 6.2.3 describes quite accurately the electrical breakdown of air, 
although it is only valid when the electrodes are smooth, rounded and large in size 
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compared with the length of the gap. The equation does not however take into account 
any proximity effect, and if a third electrode is in the vicinity of the two main 
electrodes this could play a major role in how the breakdown occurs. This effect is 
illustrated in Fig 7.3.12 and 7.3.13, and it is clear that if the gaps are being used for 
voltage measurement it is vital that the proximity effect is avoided by paying careful 
attention to the surroundings. 
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Fig 7.3. 14 - Breakdown of air with just two electrodes. 
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8. ELECTRO-OPTIC PROBES: RESULTS AND 
SPECIFICATION 
This Chapter presents the specification (rise time, bandwidth, size and voltage rating) 
for each of the probes constructed during this research programme, together with 
typical experimental results obtained when they were fed from the high voltage 
sources described earlier in Chapters 5 and 6. As before, the terms probe or electro-
optic probe are used to encompass the capacitive voltage divider, the Pockels Cell and 
all the other components of the optical system. 
8.1. 60 kV electro-optic probe. 
Fig 8.1.1 - 60kV electro-optic probe 
57kV 
50kV 
40kV 
Q) 
Cl 
!9 ~ 30kV 
20kV 
10kV 
0 
0 100 200 300 400 500 600 
bme fnsl 
Fig 8. 1.2- Typical 60 kV EBW experimental result, obtained using the 60 kV 
electro-optic probe. 
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The electro-optic probe shown in Fig 8.1 .1 was designed for use with pulsed signals 
having a peak value of 60 kV, and it is clearly necessary to establish that it has a 
response that is adequate to enable very fast transient voltages of this magnitude to be 
accurately recorded. The pulse in Fig 8.1.2 reaches a peak of 52 kV in 100 ns while 
the wire is in the process of melting, before vaporising and finally exploding. 
The lower frequency limit of the probe (i.e. the lower -3dB point) was determined by 
connecting the input directly to a 7 kV DC power supply unit. The supply was 
switched on for 10 s before being switched off, resulting in the square wave input 
signal shown in Fig 8.1.3. A simplified equivalent circuit for the experi ment is shown 
in Fig 8.1.4, where C1 and C2 are the capacitors formi ng the 60kV divider and Cp is 
the input capacitance of the Pockels cell. Assuming the power supply to be an ideal 
voltage source, it effectively provides an infinite impedance once the capacitors C1 
and c2 are charged to their peak value. 
j 
r lO L----..I..---'---"------L---'---.I----L---L----'----.I-).4 
0 6000 1000 I 101 1.2 101 1 t 101 14 10' 11 101 2 10' 
time (ms) 
Fig 8. 1.3 -60 kV opto-electronic probe. Input square wave voltage and experimentally 
decaying output voltage. 
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Fig 8.1.4 - Equivalent circuit for voltage decay test. 
The output voltage of the probe (Fig 8.1.3) clearly decays exponentially through the 
Pockels cell input resistance R, and it follows from Fig 8. 1.4 that thi s decay can be 
represented mathematically by the fundamental equation: 
v(t) = Vo(t)e -t!R(Cp+Ct+C2) (8.1. 1) 
where Vo is the initial value at t = 0. 
The time for the voltage to have decayed to one half of its original voltage occurs 
when v = V o/2, or 
Yo = Vo e- -t!R(Cp+Ct+C2) 
2 
(8.1.2) 
giving 
-ln (0.5) X R (Cp+Ct+C2) = t 
orR = = 2·5 =45.3 Gn. 
(C P + C1 + C2 ) X -ln(0.5) (79.6 X 10-12 ) X - Jn(0.5) 
so that the input resistance of the Pockels Cell is 45 .3 GO. 
It was shown in Chapter 2.2 that, for a purely capacitive divider, V0 = C, Vi 
C, +C2 
Vo 
so that when the output voltage has decayed to 2 , it can also be written as 
C, V. o 
2(C, + C2) I 
(8. 1.3) 
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It follows also from a frequency domain analysis of the circuit of Fig 8.1.4 that at the 
frequency fo.s, at which the output voltage of the divider is one half of the input 
voltage, then 
R- j 
Vo - ____ 2_:nj;...::O:.:...S c--=-2 -Vo. 
2 2R- j j 
(8.1.4) 
27ifo.s c, 27ifo.s c2 
On combining equations 8.1.3 and 8.1.4 we obtain 
R - j 
C, 27ifo.sC2 
- ------'-- = 1----....::....::;:.:....__::.._ __ 1 
2(C, +C2) 2R - j j 
27ifo.s c, 27ifo.s c2 
which can also be written in the quadratic form: 
(8 .1.5) 
The solution for fo.s from equation 8.1.5 can be obtained by using the well-known ( ~Jo.s equation fo.s = - b ±V~ (8.1.6) 
where a, b and c is this case are 
11 1 1 11 1 ( J4 ( J2 c = 4n2 ~+ c2 - (2n)4 XC/ ~+ c2 
Substituting into equation 8.1.6 the values of a, b, c, calculated for R (45.3 GQ), C1 
(2.1 pF) and C2 + Cp (73.5 pF + 4 pF) gives a frequency of 4.1 Hz for the lower - 3 dB 
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point. The second solution to equation 8.1 .6 is 4.4i, which is imaginary and is clearly 
not relevant to the present considerations. 
The upper frequency limit of the divider can be derived from equn 2.3.4, and using 
the rise time of 1.8 ns shown in Fig 3.1.4 it is obtained as 
Upper -3dB frequency= 0·35 = 195 MHz. 
1.8 ns 
The upper -3dB frequency response of the probe was also measured over a frequency 
range up to 200 MHz, using a s ignal generator with a 10 V sinusoidal output, with the 
result obtained being shown in Fig 8.1.5. However the Pockels Cell requires a voltage 
difference of at least 100 V to produce any discernable change in the trace on the 
digital storage oscilloscope, and with the 10 V supply fed to the divider it receives 
only 0.28 V. The Cell was therefore replaced by the PKM 400 MHz oscilloscope 
probe, with the output of this connected to an osci lloscope. The PKM probe has an 
input capacitance of 4 pF, a rise time of 800 ps and an input resistance of 50 Mfl , and 
although this does not affect the higher -3dB frequency it makes a substantial increase 
in the lower - 3dB frequency to about 1 kHz. Fig 8.1.5 shows the experimental 
results, and from these the divider was found to have a higher -3 dB frequency of 193 
MHz, which is very close to the figure of 195 MHz calculated above. (Results were 
noted at every 10 kHz at lower frequencies and at every 1 MHz at higher frequencies, 
so that the number of sample points was not too large). 
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Fig 8.1.5 - Measured frequency response of the 60 kV probe. 
• - experimental points. 
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Fig 8.1 .6 -Probe damping resistor curves. 
Peak voltage in each case is 52kV 
The probe is effectively a simple LCR circuit that in practice is slightly under-
damped, so that when measuring very fast transient voltages the output response tends 
to oscillate. To combat this problem a very low inductance, high-voltage damping 
resistor was soldered to the tip of the probe. Fig 8.1.6 shows the results of five EBW 
experiments using different resistance values between 50 nand 125 n. The section of 
the results between 100 ns and 150 ns was used to determine the correct value of 
resistor to use. The 100 n resistor was finally selected, as this gave the best circuit 
response (i.e. the Gaussian system defined in Chapter 2.4). All the EBW experiments 
in Fig 8.1.6 show the voltage rising to a peak of 52 kY 
A summary of the probe performance details is given in Table 8.1. 
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8.2. 200 kV electro-optic probe 
Fig 8.2.1 - 200kV probe 
Fig 8.2.1 shows the 200 kV divider. Substituting the known values of C1 (3.92 pF), C2 
(0.45 nF) and R (45.3 GO) into equation 8.1.6 gives a lower -3dB frequency of 2.5 
Hz. 
Because the attenuation ratio of the divider is 115, it is again difficult to measure 
experimentally the higher -3dB frequency from a frequency response test using the 
200 MHz oscillator, which outputs only 10 V. This frequency was therefore 
calculated only, using equation 2.3.5, and together with a measured rise time of 3 ns a 
higher -3dB frequency of 117 MHz was obtained. 
Fig 8.2.2 shows a typical result obtained using the 200 kV transformer of Chapter 6.2. 
The sphere gap that is across the secondary winding was set to break down at 190 kV 
and the 200 kV opto-electronic probe was connected across the gap. The vo ltage can 
be seen to rise to 180 kV in 150 ns and subsequently to return rapidly to zero once the 
air gap breaks down. 
The specification of the 200 kV probe is included in Table 8.6.1. 
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Fig 8.2.2 - Typical breakdown measurement from the 200 kV transformer. 
8.3. Prototype 500 kV electro-optic probe 
Substituting the values ofR (45.3 GO), C1 (5 pF) and C2 (1.4 nF) into equation 8.1.6 
gives a lower -3dB frequency of 2 Hz for the prototype 500 kV probe which is shown 
in Fig 8.3.1. The higher -3dB frequency was again obtained using equation 2.3.5, that 
with a measured rise time of 3 ns, gives a value of 117 MHz. The specification of the 
probe is again included in Table 8.6.1. 
. , I 
-~ ~ ..-:1 . ·. 
- -~ - -
.;;.;. _-c . 
Fig 8.3.1 - The prototype 500 kV probe (The Pockels Cell can be seen connected at 
the bottom of the divider). 
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Fig 8.3.2. - 500 kV probe measurement of the voltage across the resistor in the 
secondary circuit of the 500 kV oil immersed transformer. 
Response tests were carried out up to about 500 kV, with Fig 8.3.2 showing a typical 
result obtained when the probe measures the output from the 500 kV oil immersed 
transformer of Chapter 6.4. The probe is connected across the resistor in series with 
the spark gap which is set to break at about 500 kV. Following break down, a fast 
rising pulse is produced across the resistor. This peaks at about 500 kV and 
subsequently rapidly returns to ground potential. 
Further testing of the probe was undertaken using a multi-pulse twin output high 
voltage generator, constructed by Dr. B M Novae as part of an EPSRC contract. The 
circuit of this generator is shown in Fig 8.3.3. 
Capacitor C comprises two parallel-connected 28.8J,LF units charged to about 22 kV. 
Rbank and Lbank are the combined resistance and inductance of the capacitor and the 
closing switch. The exploding wire assembly consists of three discrete sets of 
exploding wires connected in parallel (see Fig 8.3.4), with the different design of 
these sets causing them to explode at different times following closure of the switch 
CS. Tl and T2 are high-voltage air-cored transformers and Dl and D2 are polarity 
dependent spark gaps, that employ point-plane geometry to achieve this feature. The 
twin loads on the generator are CuS04 doped water resistors, designed to withstand 
300 kV and to have a resistance of about 25 n . Each load is connected in parallel with 
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an X-ray tube and the 500 kV voltage probe is connected across one of the loads. 
When the switch closes, the energy stored in the capacitor is used to explode the three 
sets of wires in turn. The different design of each set ensures that three very fast rising 
pulses of current of equal magnitude are produced successively in the primary 
windings of the two transformers. 
The pulses of current induces three synchronised high vo ltage pulses in the secondary 
windings of the transformers, which in turn gives three high current pulses in each of 
the loads. Fig 8.3.5 shows typical results recorded by the 500 kV opto-electronic 
probe when connected across the load. 
c 
c ) v. 
Closmg switch 
Exploding wire/foil 
assembly 
T l 
Fig 8.3.3 - Multi-pulse twin generator schematic. 
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Fig 8.3.4 - The complete exploding wire assembly ready for use. 
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Fig 8.3.5 - Three consecutive voltage pulses measured by the 500 kV opto-electronic 
probe connected across the 25 0 load. 
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Fig 8.3.6. - Two voltage pulses measured by the 500 kY opto-electronic probe with 
and without diodes across the 25 {} load. 
The results clearly show that not only can the probe measure repeated high voltage 
pulses (peaking at 250 kV), but that it also has the ability to measure multi-pulses of 
very fast rise times ( - 70 ns). The pulse shape, width and amplitude of the pulses 
depend greatly on the characteristics of the exploding wires as explained in Chapters 
5.2 and 5.3. The diode function of the polarity dependent spark gaps can be seen 
clearly from Fig 8.3.6, where the initial negative pulse is no longer recorded when the 
test is repeated with the diodes is place. The probe measures the voltage across the 25 
0 load which is in parallel with an X-ray tube. An X-ray tube is very simply, a 
vacuum sealed spark gap, and thus each pulse can be seen in Fig 8.3.6 returning to 
ground as the spark gap breaks down. When the second set of wires explodes the 
pulse again rises rapidly to its peak value, before again returning to ground when the 
X-ray tube breaks down for the second time. Further details of the generator can be 
found elsewhere [8.1, 8.2]. 
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8.4. 500 kV Miniaturised electro-optic probe 
Pockets 
cell 
Figure 8.4.1 - 500 kV miniaturised electro-optic probe. 
As given in Chapter 3.4, the values of C 1 and C2 for this divider are 3 pF and 0.84 nF 
respectively. Substituting these values, together with the value of R (45.3 GO) into 
equation 8.1.6, gives a lower -3dB frequency of2 Hz. The higher -3dB frequency was 
again obtained using equation 2.3.5, and wi.th a rise time of 3 ns thjs gave a figure of 
117 MHz. The specification of the probe is listed in Table 8.6. 1. 
Figure 8.4.2 shows a further typical high voltage result measured by the miniaturised 
500 kV djvider. The probe is measuring the open circuit output of the 500 kV oil 
immersed transformer of chapter 6.4 and is compared in the figure with the results 
from a commercial 500 kV probe (see Appendix 11 .5.2). It can be seen that the 
recorded voltage variations are virtually identical. 
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Figure 8.4.2 - HV applied across 500 kV miniaturised probe and the 500 kV 
Northstar probe to compare response of the same signal. 
8.5. 100 kV probe for ffiBIE Contract 
As explained in Chapter 3.5 the output of the 100 kV di vider was connected to a 50 
MO, 500 V, 75 MHz oscilloscope probe as shown in Fig 8.5. 1, which in turn was 
connected to an 1 GS/s digital storage oscilloscope. 
Fig 8.5.2 shows the schematic of the Plasma focus device which is being monitored 
by the ion emission detector, the resistive divider and the 100 kV probe. The resistive 
divider and 100 kV probe measure the voltage across point marked A in Fig 8.5.3 
while the ion detector is located at the position marked B. 
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Fig 8.5.1 -Installation of the 100 kV divider with a scope voltage probe connected 
across its output. 
Where 1 is pointing out the 100 kV divider, 2 the oscilloscope probe and 3 the 
resistive divider. 
The overall rise time and bandwidth of the 100 kV probe were therefore limited by 
that of the oscilloscope probe, and its actual bandwidth cannot be determined from 
experimental results. From Fig 8.5.3 the overall rise time of the 100 kV probe can be 
determined as 5 ns. 
The anode voltage measured by the capacitive divider follows more closely the ion 
emission detector than does the slow response of the resistive divider, and the 
capacitive divider is now permanently installed at the Ecole Polytechnique in Lozer, 
France. However, as only one week was available to design, manufacture and test the 
probe, more results could not be obtained. 
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Fig 8.5.2 - Schematic for the Plasma focus device. 
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Fig 8.5.3- Comparative anode voltage measurements. PulseT1129 is a ion emission 
detector. 
8.6. Comparison between the probes. 
Table 8.6.1 compares the main features of all the different Loughborough probes. 
The table confirms that the larger the size of the probe the longer is its response time. 
It is thus important to miniaturise the probe if a high performance is required, as is 
confirmed by comparing the specifications of the prototype 500 kV and miniaturised 
500 kV probes. 
In summary, it is clearly not reasonable to attempt to design an ultimate probe for use 
is a wide variety of voltage measurements. Using an ultra-fast probe to measure DC 
or low frequency signals would not only be a waste of resource but the cost would be 
unjustified. The flowchart in Fig 8.6.1 provides a useful guide to the right sort of 
approach to be applied for any particular vo ltage measurement. 
Although Fig 8.6.1 is by no means exhaustive, it nevertheless indicates the variety of 
probes that need to be considered when making pulse vo ltage measurement. The chart 
has been devised with the experience gained whi le conducting hundreds of 
experiments. Each application needs to be looked at carefully, before deciding on an 
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appropriate probe. A probe could reasonably only be made to suit a small range of 
applications, and Chapter 2 discussed the characteristics of different dividers for use 
as voltage probes. 
Louehborough Lou&hborough Loupborough 
60kV lOOkV lOOkV 
Type of divider Capacitive Capacitive Capacitive 
Mu pulsed volta&e (kV) 60 100 200 
MID -3dB frequency (Bz) 4.5* 2000 3* 
Mu -3d)l frequency 
lMHz) 195 70 117 
Rise dme (as) 2 5 3 
la_put CQacltance m_F) 2 4 3.9 
Divider rado 35 : 1 1000: 1 115 : I 
Lensrth(mm) 193 131 285 
Loughboroueh Louehborough 
Prototype 500 SOOkV 
kV 
Ca acitive 
500 
2* 3* 
70 11 7 
5 3 
5 3 
280: 1 280: 1 
355 207 
* - Minimum -3 dB bandwidth determined with Pockels Cell connected across C2. 
Table 8.1 - Summary of the various Loughborough opto-electronic probes. 
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I Measurement type I 
DC Pulsed 
;--
voLta~s voltages 
1 
Probe: Resistive High current Low current 
~ ~ ~ 1 I I 
Fast Slow Fast Slow 
ms time Q!S ttme ms time ms time 
l I 
I I 
Probe: Capacitive Probe: Capacitive Probe: Capacitive 
divider divider with low and resistive divider 
input capacitance iaparallel 
Probe: Capacitive 
and resistive divider 
iQparallel (hiah 
input impedance) 
Fig 8.6. 1 - Flowchart matching probe types to high voltage generators (shaded areas 
indicate which probe should be used). 
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9. COMMERIAL ALTERNATIVES TO THE OPTO-
ELECTRONIC PROBE. 
Before considering commercial electromagnetic alternatives to the electro-optic 
arrangement described in this thesis, such as the 100 kV and 500 kV probes 
manufactured by Northstar and the 40 kV probe produced by Tektronix (See 
Appendices 11.5.1, 11.5.2 and 11.5.3), it will be informative to consider other 
possibilities that do not involve the use of a Pockels Cell and are not readily avai lable 
commercially as a single unit. 
This material included in this Section will demonstrate the variety of options that are 
available to the user; including purchasing a commerci.al probe, using the opto-
electronic probe or modifying the Pockels cell section by means of one of the schemes 
outlined in Section 9 .2. 
9.1. Connecting the divider to the measuring oscilloscope. 
Even after deciding on an appropriate form of probe for a particular application, the 
connections to the measuring oscil1oscope have still to be considered very carefully. 
Obviously, if the divider is to be used for the measurement of ultra-high voltages, the 
osci lloscope will need to be both at least several feet distant and optically isolated. 
Connecting a probe directly to an oscilloscope is not recommended because: 
I. The typical input impedance of 1 MO will load the divider. 
2. Oscilloscopes available commercially are generally restricted to a maximum 
input voltage of 400 V. 
3. Using either twisted pair or coaxial cable connections will introduce both stray 
capacitance and inductance, thereby degrading the performance of the divider. 
4. There will be no voltage isolation, and if a breakdown occurs in the divider the 
oscilloscope could be damaged and the operator harmed. 
5. The connection will be susceptible to EMI. 
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When measuring high voltage, optical isolation of the divider from the oscilloscope is 
clearly desirable. Although this is one of the main reasons for the use of the Pockels 
Cell (which is essentially a passive device) in the present research, there are clearly 
other ways of achieving optical isolation. 
9.2. Commercially available options for connecting the divider to an oscilloscope. 
Pulsed Power Measurements Ltd sell analogue fibre optic links. Their system is 
available as two battery-powered units (transmitter and receiver) separated by a fibre 
optic cable. The voltage to be measured is encoded onto a laser beam as a 
communications signal at the transmitter end, using ADC (analogue to digital 
conversion) and DSP (digital signal processing). This digital signal is transmitted 
along a fibre, decoded at the receiver end and displayed on an oscilloscope. The 
system has a total rise time of 1 ns and a bandwidth of from DC to 250 MHz. 
Unfortunately it has several severe problems, as the transmitter has an input 
impedance of only 50 0, which wi ll significantly load the output of a capacitive 
divider or probe, and it can accept only a maximum 2.5 V pk-pk signal. To overcome the 
first of these would require the introduction of a high-speed buffer between the 
capacitive divider and the optical transmitter, in order to change the effective 
impedance from 50 0 to the order of GO. The second can be tackled by using a very 
high impedance resistive divider at the output of the capacitive divider. 
As an alternative to the introduction of a buffer, the capacitive divider could in theory 
be designed to have a step-down ratio that gives the required output voltage. 
However, designing a 500 kV capacitive divider with a 2.5 V output would require an 
attenuation ratio of200,000 : 1. For a typical high-voltage divider with a capacitor C1 
of about 3 pF, the low voltage capacitor C2 would then need to be about 0.6 J.LF . 
Obtaining such a large value would clearly be extremely djfficult using UHMWPE 
and Melinex if a compact probe was sought. Introducing a resistive voltage divider 
across the output of the capacitive divider undoubtedly provides a far better solution. 
The dividers developed in this thesis gi.ve a maximum output voltage of only 1.8 kV 
and compact high performance resistive dividers able to accept such voltages are 
commercially available. The overall arrangement of such a potential system is shown 
in Fig 9.1. 
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If the applied pulse Vi has an amplitude of 500 kV, the 1.8 kV output across C2 is fed 
to the resistive divider R1 and R2, giving an output across R2 of about 2.5 V to the 
high input impedance buffer. This would not unduly load the resistive divider, which 
would therefore maintain its 2.5 V output amplitude, but with an output impedance of 
75 0, which is the typical characteristic output impedance of this particular high 
speed buffer . 
• 
c,. 
3 pF 
c2. 
830 pF 
Maxim 
MAX4005CSA 
Fig 9.1 - Alternative optically isolated voltage probe. 
As shown in Fig 9.1, the buffer output is in parallel with the 50 0 input impedance of 
the optical transmitter Tx, where the signal is encoded for transmission over lhe fibre 
optic cable. At the receive end it is decoded in the optical receiver Rx and displayed 
on the digital storage oscilloscope. 
As the bandwidth of the miniaturised 500 kV capacitive divider is 190 MHz (Section 
3.4), that of the resistive divider and buffer is 400 MHz (as stated by the 
manufacturers) and that of the optical transmitter receiver unit is 250 MHz, the overall 
bandwidth of 190 MHz of the divider will be maintained for the probe. 
Obviously, the economic viability and complexity of this proposal needs to be 
evaluated and compared with that of the existing Loughborough electro-optic probes. 
Presently (2002), the Pockels Cell crystal and its assembly (collimators, quarter-wave 
plates, polarisers and 30 m long optic fibres) costs about £6,000, whereas the PPM 
Ltd transmitter receiver pair costs £5,500 including a 10 m fibre optic cable. High-
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1MQ 
speed buffers and their associated power supply circuitry typically cost £20 and a high 
bandwidth resistive divider about £400, giving an overall figure approaching £6000. 
Manufacturing costs, overheads and V AT, will of course have to be included in any 
overall calculation. The two costs however are remarkably close, and whether the 
Pockels cell or the PPM system is chosen the cost of the high-voltage divider has still 
to be added to acrueve the final figure for a complete probe. 
Due to the number of components that is involved, an additional rise time is 
associated with this proposal , and this has to be compared to that of the opto-
electronic probe. The overall rise times of the circuit of Fig 9.1 can be estimated from 
the addition of the square of the rise times of the individual components as 
Rise time (ns) = ~CapacitiveDivider2 + ResisitiveDivider2 + Buffer2 + Tx/RxLink 2 
= .J22 + 0.5 2 + 0.032 + 12 = 2.29 ns 
which is again dominated by the rise time of the capacitive divider and is still only 
slightly greater than the 2ns rise time of the opto-electronic probe. Since the 
difference in the rise times of the two systems is so small, the new proposal should 
certainly be investigated as an active alternative to the passive opto-electronic probe. 
However, as stated above, the additional complexity and possible problems of 
reliability that might be introduced by the use of the rugh-speed buffer could be an 
important disadvantage. Considerable attention would obviously need to be given to 
the buffer circuit, as a poor design would inevitably ruin the otherwise fast rise time 
of the system. 
The PPM fibre-optic link and the Loughborough Pockels cell system provide optical 
isolations of 10 m and 15 m respectively. However in situations where direct 
connection to the oscilloscope is acceptable, it would be straightforward to connect 
the output of the divider directly to a high performance probe (such as the PKM probe 
described in Section 2.4) and then into the 1 MO input of an oscilloscope. Fig 9.2 
shows the equivalent circuit of such an arrangement. 
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In Fig 9.2, C 1 and C2 again form a high-voltage capacitive divider that reduces the 
applied 500 kV pulse to a maximum of 1.8 kV appearing across C2. The next stage is 
the PKM 2 kV (800 ps rise time) oscilloscope probe formed by R 1, R2, C3 and C4, and 
located as close to capacitor C2 as possible to avoid introducing any stray inductance 
or capacitance. As the input capacitance of the PKM probe of 10 pF is in parallel with 
C2 it will cause an attenuation change of the capacitive divider of about 1.2%, which 
can however be accounted for when stating the overall attenuation rat;v. The output of 
the probe is fed directly into the 1 MO input of an oscilloscope via a 1.2 m long cable, 
to give a high voltage probe with an overall attenuation of27,800: 1. 
The overall rise time of this probe will be again be dominated by that of the capacitive 
divider and can be approximated as: 
Rise time (ns) = ~Rise time of CapacitiveDivider2 +Rise time of Scope Probe2 
= .J22 +0.82 = 2.15 ns. 
Fig 9.2 - Equivalent circuit of a directly connected HV probe. 
A design similar to that shown in Fig 9.2 was produced for use with the voltage probe 
described earlier in Section 7.5. It was installed at the Laboratoire de Physique at 
Technologie des Plasmas in Ecole Polythecnique (Section 7.5) in December 2000, 
where it has performed reliably ever since. 
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9.3. Commercial voltage probes. 
Very few manufacturers produce ultrahigh-voltage probes, with those readily 
available being marketed by Tektronix and Northstar Research. The highest voltage 
probe produced by Tektronix is rated at only 40 kV and is described in Appendix 
11.5.4. It has a stated rise time of 4 ns and a bandwidth of 75 MHz. Northstar on the 
other hand manufacture probes up to 500 kV, and these are described in Appendix 
11.5.1 and 11.5.2. The l 00 kV probes have a rise time of 4 ns and a bandwidth of 90 
MHz, while the 500 kV series have a rise time of 10 ns and a bandwidth of just 30 
MHz. Table 9.3. 1 presents details the specifications of each of the commercial probes 
and also compares these with corresponding details of the Loughborough electro-optic 
probes. 
The opto-electronic probes described in this thesis have been thoroughly tested 
against commercially available probes and they have been proved to have a much 
better response. Consideration of the stated rise times and bandwidths of the 
commercial probes are in every case inferior to those of the corresponding opto-
electronic probes. 
The systems in Section 9.2 and the commercial probes mentioned above and in 
Appendix 11 .5 are a selection from those currently available, against which the opto-
electronic probe has to be judged. The potential user clearly also has to think about 
factors such as cost, performance, complexity and portability when selecting the 
probe that is most appropriate probe for any particular application. 
It should be appreciated at this point that the design of a high-voltage probe does not 
merely require the assembly of components to provide the right attenuation ratio. In 
fact a large number of considerations (Section 3.6) are involved, including the 
material to be used, the shape it must take and the insulation technology that will be 
used. Tools such as finite element and CAD software are available to make the design 
process easier. Insulation and materials technology is gradually evolving and in the 
future it will undoubtedly be possible to produce even smaller capacitive divider and 
hence higher performance and smaller probes. 
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Type of divider 
Mu pulsed voltage (kV) 
MID ·3dB ·frequency (Hz) 
¥ax~3dB frequency 
CMIIz) 
Rise time (ns) 
Input Capacitance (pF) 
Divider ratio 
Length I Diameter (mm) 
Loughborough Loughborough 
60kV lOOkV 
Capacitive Capacitive 
60 100 
4* 2000$ 
195 70 
2 5 
2 4 
35 : 1 1000: 1 
193 I 60 131 I 265 
Loughborough Loughborough 
Prototype 500 500 kV 
kV 
2* 
70 
5 
5 
280: 1 
355 I 240 
6011 oo-
DC 
90 
4 
5 
2000: 1 
563 I 
Ca acitive 
500 
3* 
117 
3 
3 
280: 1 
207 I 210 
Nortstar 
kV 
500 
100 
30 
10 
8 
20000: 1 
1000 I 
Loughborough 
200kV 
Capacitive 
200 
3* 
117 
3 
3.9 
115 : 1 
285 I 265 
Tektronlx 
75 
4 
4 
1000: 1 
220 I 
*-Minimum -3 dB bandwidth detennined with Pockels Cell connected across C2. 
s- Minimum bandwidth could only be detennined with a commercial resistive divider 
and thus is 2 kHz. 
# - Max voltage stated as DC (kV) I Pulsed (kV). 
Table 9.3.1 - Comparison of opto-electronic probes with commercial alternatives. 
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The demands of the market will ultimately determine how much research time is 
devoted to improving all aspects of voltage probes. A study of the publications 
presented at recent pulsed power related conferences confmns however that the need 
for measuring higher voltages at ever faster rise-times is likely to continue long into 
the future. 
Finally, the mam advantages and disadvantages of the opto-electronic probes 
developed at Loughborough can be summarised as: 
• Rise-time is very small 
• large bandwidth 
• compact in size 
• optically isolated. 
• RFI and EM isolation greater than commercial probes. 
However the disadvantages of the probes include: 
• inability to measure DC or very low frequency(< 4Hz) pulses. 
• laser has to stabilise before use. 
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10. FIELD SAMPLING MEASUREMENTS. 
10.1 . Optical X-ray measurements. 
With only a slight deviation from the mam theme of the thesis, this Chapter 
investigates the design and construction of a simple X-ray power detector. This topic 
is included, as the author went to great lengths to design a detector for use at 
Loughborough in measuring the X-ray power from both the commercial Hewlett 
Packard X-ray source and a multi-pulse X-ray generator designed as part of an 
EPSRC project. However, whi 1st performing experiments using the detector, it was 
observed that if the photodiode was replaced by a semiconductor avalanche diode (as 
explained later) the system could be used to sense remotely the currents in high 
voltage systems. 
The pulsed power community generally uses high power flash or pulsed X-ray 
systems that take a number ofX-ray pictures of an experiment that lasts for only a few 
JJ-S at most. There are however no commercially avai lable X-ray power detection 
systems capable of detecting a series of X-rays pulses in the required time scale 
[10.1 ]. 
10.2. The detector system. 
10 k 10k 
'ENI/21 
'" I 'c~' I 3 
CS, 1 F 
4 
OPA637 
CS, 1 uf 
Rf 
SOOk 
Fig 1 0.2.1 -Schematic for the X-ray detection system. 
6 
5 NC 
SW1, douple pole, douple 
tiTow 
9 V I,, 
To 1M Ohm Input 
of scope (BNC type 
8Xi81 comecta) 
NC - No Connection 
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where D - XUV -100, soft X-ray photodiode. 
OPA 637 - Burr Brown high-speed operational amplifier. 
Fig 1 0.2.1 shows the circuit used for the detector, in which all the earth connections 
are made to the 0 V terminal of the 9 V battery. The circuit is enclosed in a metal box 
to provide protection against RF noise. The photodiode D shown in Fig 10.2.2 is 
manufactured by UDT Sensors Inc., and it reacts to the electro-magnetic spectrum 
from 300 run to 1100 nm. In the circuit shown the diode is reverse biased by the 1.5 V 
AA type battery, which is below the maximum allowable bias voltage of 3 V. When 
the diode is exposed to soft X-rays it starts to sink current from the bias voltage, thus 
creating a negative voltage difference in the operational amplifier (IC OPA 637) 
between pin inputs 2 and 3 with respect to the 0 V. The 1 nF capacitor Cl, is a de-
coupling capacitor for the 1.5 V battery source. 
The 10 kO current limiting resistor R restricts current drawn from the bias voltage 
while the second 10 kO resistor Rs defines the gain of the amplifier with respect to the 
500 kO resistor Rr. The gain G of the above circuit is approximately RI = 50. 
Rs 
The 50 pP capacitor C2 forms a high pass filter. The series connected capacitors C3 
and C4 have a combined capacitance of 1 pF and they provide a path for higher 
frequencies when the impedance of the resistor Rr becomes to high. 
Pin 4 and 7 provides a +/- 9 V supply to the amplifier via PP3 type batteries. 
Although the gain is set to 50 for this amplifier, the photodiode sinks sufficient 
current to create a voltage difference of 0.01 V across the input of the operational 
amplifier at maximum X-ray exposure, when the head is 0.5 m from the photodiode 
D. 
The amplitude of the X-ray signal obviously depends on how far the head is from the 
photodiode, as the X-ray power reduces with the inverse square law. Thus once the 
photodiode was in position, tests were performed using the Hewlett Packard machine 
(Fig 10.2.3), to calibrate the photodiode circuit. The photodiode circuitry was then 
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moved to the Loughborough X-ray machine (Fig 10.2.4 and Fig 10.2.5) where it was 
kept at the same distance from the X-ray head as when used with the Hewlett Packard 
X-ray machine. 
Fig 10.2.2 - X-ray detection system with the photodiode on the ride hand side. 
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Fig 1 0.2.3 - Hewlett Packard flash X-ray machine (70 kV - 150 kV). 
Fig 10.2.4- Multi-pulse twin generator with twin X-ray heads connected. 
Fig 1 0.2.5 - Top view of the multi-pulse twin output generator. 
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Fig 10.2.6 shows the experimental recordings of the voltage across the X-ray head, 
and the waveform from the X-ray radiated power detector. 
Voltage and X-ray diode output 
Voltage 
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...-;- ~ ~ 0 0 
~ 0 .-4 
Q) >< 
~ ......., 
0 i ;.a - 1 I 
>< .-4 ~ 
\ ~~ A .... 
L 'V' / ~ / 
Vx-ay pow er 
0 :1 3 4 6 
time (microseconds) 
Fig 10.2.6- X-ray radiated power and voltage across the X-ray tube, generated by the 
Helwett Packard flash X-ray machine. 
In Fig 10.2.6 the curve marked X-ray power shows the radiated power as negative 
because the diode is reversed biased. It can be seen that as the voltage across the tube 
rises, the radiated power level detected by the diode also increases and then gradually 
decreases, as the voltage fina lly returns to zero after oscillating for a few hundred 
nanoseconds. Soft X-rays will be produced by any voltage source outputting more 
that 5 kV, with the X-ray power depending on the current in the power supply. 
Fig 10.2.7 shows the results when the photodiode circuit was placed in front of one of 
the X-ray heads on the multi-pulse twin X-ray generator. Once again the X-ray power 
is seen to increase with the voltage measured across the head. In addition to this, the 
photodiode circuit also responds to the multiple X-ray pulses produced by the 
generator of Fig 10.2.5. The results from the X-ray detector are as expected, because 
the power of an X-ray beam is proportional to the voltage across the X-ray head. Soft 
X-rays are produced from voltage sources that can output 5 kV to 20 kV, with harder 
X-rays being produced when the voltage is greater than about 20 kV. The circuit 
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clearly responds well to both hard and soft X-rays as shown in the multi-pulse result 
ofFig 10.2.7, because the X-ray power linearly varies with the change in voltage. 
Voltage and X-ray diode output 
Ye ltage 
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Fig 10.2.7- X-ray radjated power and voltage across the X-ray tube on the multi-
pulse twin generator. 
10.3. Non-intrusive current monitoring. 
10 
When assembling and testing the X-ray monitoring circuit, it was found that the same 
technique could also be used to morutor currents in high-voltage systems. Field 
sensing for monitoring currents and voltages in rugh-voltage systems is a common 
and well established practice, and techlliques as using pickup coils, current 
transformers and Rogowski coi ls are all used. However these devices are costly, and 
also require the coils to be placed very close to the rugh-voltage equipment being 
morutored to acrueve rugh accuracy. 
The current monitor works on the principle of field sensing by RF pickup. A reverse 
biased semiconductor diode is used as the aerial and picks up any changing electro-
static field. An electron hole prur effect is induced in the pn-junction of the diode by 
this field, and causes current to flow in the circuit, which is subsequently morutored 
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and displayed on an oscilloscope. The waveform of the current is similar to the 
current it is monitoring, as this is clearly the highest influencing factor. 
The circuit in Fig I 0.3.1 is that used in the current monitor. Diode D is the aerial and 
is the only component outside the RF shielded box. R1 is the internal impedance of a 
PP3 battery while R2 is a current limiting resistor for the reverse bias voltage and C1 is 
a de-coupling capacitor for the diode. The diode is connected across the 1 MO input 
of a 5 GS/s oscilloscope via the damping resistor R3. Both R2 and R3 are very low 
inductance resistors and all connections are made with copper strips to reduce their 
over-all inductance. 
2.5i R2 
R1 
+ 
9V I 220 pF D 1 pF 
PP3 C1 2 
D 
Fig 1 0.3.1 - Circuit schematic of the current monitor. 
The monitoring circuit works as follows. With the diode reversed biased, the PN 
junction [ 1 0.2, 1 0.3] is set-up in such a way that the P side is connected to the 
negative terminal of the battery and theN side to the positive terminal. On theN side 
free electrons are attracted by the positive terminal, and on the P side, holes are 
attracted by the negative terminal. In this way, the voltage source in reverse bias 
keeps the charge carriers away from the junction. The region near the junction 
becomes depleted of carriers, causing an expansion of the depletion layer. As free 
electrons move away from the junction on the N side, they leave behind them 
additional fixed charges (positive ions). Similarly, on the P side, more ions that are 
negative are left, as holes move towards the negative terminal. As the width of the 
depletion layer increases, the number of fixed ions at the junction increases. As a 
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consequence the potential barrier increases and, because the majority carriers tend to 
move away from the junction and the potential barrier is higher, almost no carriers 
cross the junction. The leakage current data of a diode, which is highly dependant on 
the junction temperature, defines how many carriers cross the junction even though it 
has been reverse biased. 
A high-voltage spark created by the pulser of the circuit in Fig 10.3 .2 was used a test 
source for the current monitor. The 37 kV DC power supply charges a 333 pF 
capacitance (three series 1 nF capacitors) that breaks down a spark gap at 30 kV. 
The three series capacitors C 1, C2 and C3 of Fig 10.3.2 have a combined capacitance 
of about 333 pF and they provide stored energy for when the HV spark gap breaks 
down. The bank of I MO resistors ensures that the resistance of the lead from the 
power supply is very high, so that during the discharge only capacitors C4, Cs, C6, 
resistor R5 and the HV spark gap loop are invo lved. The experiments are thereby kept 
consistent, with the resistance of the power supply lead being far too high to radiate 
RF. R5 is a current-sensing resistor which together with the 400 MHz oscilloscope 
probe, enables a high-performance current reading to be obtained during the 
breakdown which is used to calibrate the RF sensing circuit. 
When the HV spark gap in the pulser breaks down, the radiated RF pulse induces a 
voltage difference across the reverse biased diode D in the circuit of Fig 1 0.3.1, that 
acts as a receiving aerial. The induced voltage difference across the diode is more 
than the reverse bias voltage and this forces the diode into forward bias injecting 
carriers into the PN junction. A current flows through the diode D and resistances R3 
and~ and the current waveform is displayed on the oscilloscope. The monitor has to 
be calibrated before use in any given location. In test experiment case a current 
sensing resistor with an oscilloscope probe was used as the reference, and such a 
system or other current monitoring devices could be used for calibration before the 
diode method is used. 
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Fig I 0.3.2 - Circuit schematic of the current source. 
Fig 1 0.3.3 - The experimental set-up. 
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The choice of diode is crucial to the monitoring system and among the important 
factors involved are the leakage current at room temperature, the reverse recovery 
time, the diode capacitance, the forward voltage drop, and the voltage withstand 
capability. Although the leakage current in highly temperature dependant, the diode is 
only used for a few microseconds in the forward bias condition and there will 
therefore be negligible temperature rise. The reverse recovery time, together with the 
diode capacitance, determine how rapidly the diode can react to the RF pulses. A 
diode in whjch both the reserve recovery time and the junction capacitance are very 
low should therefore be used. In view of these considerations the diode chosen was 
the BYW 96E, manufactured by Phi ll ips. The voltage source used for the reverse bias 
should be able to overcome the forward voltage drop, but should be less than the 
voltage withstand capability of the diode. 
Fig 1 0.3.4 shows a result obtained, with the diode placed 10 cm from the HV spark 
gap. The BYW 96E is a fast recovery controlled avalanche diode and is thus very 
suitable for fast pulse systems. The leakage current at room temperature of the diode 
is just I f.l-A . 
200~.----------rj-------:J---.-------.. 7 
100 scope --t--- 3.5 
0 2 
/ probe 
6 
time (ns) 
10 12 
I 
~ 
Fig 1 0.3.4 - Response of the scope probe and the RF pickup (BYW 96E diode) to the 
HY spark gap 10 cm away. 
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11. APPENDIX 1- RESEARCH TOOLS 
This Chapter outlines vanous research tools used during the project that were 
obtained commercially. As these provided a very important support to the research 
programme they are explained in more detail here than earlier in the thesis. In 
addition to this the last two sections of this chapter show detailed mathematical 
derivations and explain the Pockels cell electro-optic effect. 
The next chapter lists the papers that were published while the research was ongoing. 
Some of these have been subject to peer review for inclusion in academic journals 
while others have been presented at prestigious International conferences. 
11.1. Finite element modelling. 
The electro-static finite element software used for modelling the capacitive dividers 
was Quickfield version 4.3. It runs under the Windows operating system and is free ly 
availab le from hllp://www.quickficld.com. 
The software is broken down into three stages, the pre-processor, the simulator and 
the post-processor. The pre-processor allows the design of the divider to be drawn 
with great accuracy and to scale, as illustrated by Fig 11.1.1. In addition to this the 
pre-processor also allows more popular design files such as Autocad to be directly 
imported into the pre-processor stage. Once the design is drawn or imported from 
Autocad, each individual block and vertex of the probe can be labelled and given its 
properties, including the permitivity, the voltage in and around a particular block and 
the conductivity of the material. 
The simulator creates a finite-element mesh around the divider design, as is also 
shown in Fig 11.1.1. The user can easily construct a non-uniform mesh for a highly 
complex geometry, simply by choosing a fine mesh in some regions and a very coarse 
one in others. In general, the mesh has to be most detailed where the field changes 
most rapidly (giving the highest gradient) and where the highest precision is therefore 
needed. 
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Fig 1 L .1 .1 -Typical pre-processor window with a coarse mesh. 
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Once the mesh is complete, the system automatically runs the model and produces the 
electro-static fi eld in and around the geometry, as defined by the values of voltage, 
conductivity and permitivity. When the simulation model is complete the software 
produces a post-processing window, which allows the geometric model to be studied 
in more detail, as shown in Fig 11 .1.2. 
11.2. LeCroy oscilloscopes. 
All the oscilloscopes used during the research were digital storage oscilloscope 
capable of sampling up to 1 GS/s (giga samples per second) at an analogue bandwidth 
of 500 MHz, depending on how many of the 4 channels are in use. Using just one 
channel provides the full performance of 1 GS/s at 500 MHz analogue bandwidth but 
when two or more channels are in use the analogue bandwidth falls to 250 MHz and 
the maximum sampling capability to 0.25 GS/s. 
As the probes described in this thesis require accurate voltage measurement systems 
for their calibration, it is vital that every oscilloscope in use is highly accurate. In fact 
the manufacturer claims a percentage error of no more than 1%. They have either a 
standard 1 MO or a user selectable 50 0 coaxial input, with a maximum measurement 
capability of 400 V when the 1 M 0 input is used and 5 V when the 50 0 input is 
used. 
Time Voltage 
1.3 7 43e-007 1.40625 
1.4143e-007 1.78125 
1.4543e-007 0.84375 
1.4943e-007 1.28125 
1.5343e-007 2.96875 
1.5743e-007 1.90625 
Table 11.2.1 - A typical small section from a LeCroy file. 
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Data acquisition from these osci lloscopes is via a internal floppy disk drive. The 
oscilJoscope record the data as time and volts in a text file, as shown typically in 
Table 11.2.1. Such a table presents only a very small part of a typical test file, as for 
each sample the oscilloscope writes the time and the voltage on a di fferent line. Thus 
if the sampling rate is set to 1 GS/s and 2 f.LS is to be recorded, a total of 1 GS/s x 2 f.LS 
= 2000 pairs of voltage and time values would be written into a text file on a disk. 
As the oscilloscope remains consistent in writing the time and the voltage throughout 
the period during which it is monitoring an input signal, it is very easy to process and 
display the data and to perform certain post processing tasks on Mathematical 
software such as MathCAD (designed by Mathsoft, Inc, USA). 
11.3. MatbCAD 
MathCAD is a powerful mathematical software capable of calculating and solving 
complex mathematical equations and tasks. The version ofMathCAD used during this 
project was Professional 2000. The main tasks performed by this were the post 
processing of data from the LeCroy oscilloscopes and running routines for presenting 
voltage and current waveforms for LCR circuits. This section shows how the 
mathematical software was used. 
11.3.1. Routine for displaying oscilloscope results. 
Fig 11 .3. 1 shows a typical MathCAD worksheet for evaluating LeCroy oscilloscope 
data. Raw data is read in and displayed in the worksheet as an x-y plot. Much post 
processing, such as the smoothing of curves, integration and inverting signals was 
also carried out using MathCAD. 
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fil.e :- llXXXI 
1:- 0 .. file 
file hnu1 :- -- I 
2 
defines file as twice number of points sampled by the scope. 
lt Is doubled as there are t.lme and voltage samples. 
defines i as an array from 0 to the 10000th variable In this case 
defines limit In terms of file 
delay ·· 0 daLal1 :- READ("c:\my documentsUecroy\131:201\LaldXXlOO.csv• ) k :- 1.. (hmil- delay- 2') Volts I I<:- datal~+d.lq)-1 
delay .• 0 datelt .• READ("c:\my documentsUecroy\131:201\leldDXl2.csv• ) I .• I .. (limit- delay- 2) Volls21 .• data2l(l+cltlq)-l 
sets the 
x.axls delay reads the Lecroy data file 
sets a variable sets a variable Volts1k, Volts2k,ect 
k,l,ect as a vector as a vector which forms the y.axls 
Votula 
from 1 to 
llmit-delay..2, which 
forms the x.axls 
-IL0------~1000~------~~~00-------~~-------.~000~----~~0 
k,l-100 
Volts1k (y-axis) and k (x.axis) and 
Volts21 (y-axls) and I (x.axls) displayed on 
a x.y plot. 
Fig 11 .3.1 - Typical MathCAD worksheet for displaying LeCroy oscilloscope data. 
11.3.2. Routine for LCR oscillations. 
Fig 11 .3.2 shows a simple routine for determining waveforms of the voltage across 
the capacitor and the current in an LCR circuit. Using an iteration process, the routine 
starts when time is zero and assumes that the current is also zero but that the voltage 
is a maximum (this is the time when the capacitor has been charged and not yet 
switched). It then carries on calculating the values of the voltage and current as time 
progresses from zero, as defined by the time step. 
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C :- 0.6 x 10-o Defines the capacitance 
L :• OJ·10-6 Defines the inductance 
R :m 0.25 Defines the resistance 
DT :• 1·10-8 Defines the time step, in this case is in steps of 10 ns 
VO :• 5000 Defines the initial voltage 
X :- X1 ,o +- VO Sets the initial voltage to VO 
X2 ,0 +- 0 Sets the Initial current to 0 
for i e 1 .. 2000 defines the number of steps that will be carried out. 
X2 · 1·DT X1 1 +- X1 1_ 1 - , I- sets the euqation for the voltage 
' ' c 
DT·(XJ !- I - X2 !-I R) sets the equation for current 
X2 1 +- X2 1- 1 + · · 
, , L 
X 
i :z 0 .. 2000 
$000 Voltage waveform Current waveform 
4000 
2000 
0 
2000 
Fig 11 .3.2 - Typical MathCAD worksheet for LCR routines. 
11.4. Maxwell Capacitors. 
The 600 nF and 1 J.LF capacitors used in producing the very high voltages of Chapter 5 
and 6 were manufactured by Maxwell Energy Products Inc of San Diego, California. 
They are designed primarily for repeated pulse discharge conditions, and with their 
low internal inductance of20 nH they allow very large pulsed currents to be produced 
in low resistance and low inductance circuits. They are not intended for extended DC 
service, and if kept at a high DC voltage for more than 10 minutes they can suffer 
severe and irreversible damage. However, when used correctly life expectancies of up 
to 105 discharges can easily be achieved. Fig 11.4.1 shows how the life expectancy of 
these capacitors depends on the charging vo ltage and Fig 11.4.2 shows how it 
depends on the level of the voltage reversal after firing. 
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It is clear from the figures that voltage reversal plays a much more important part in 
the life expectancy of the capacitor that does the injtial charging voltage wruch was 
the reason berund the introduction of damping resistors into the primary of the 
transformer ci rcuits described in Section 6 of the thesis. 
11.5. Commercial high-voltage probes and current measurement transformer. 
This section describes the commercial high-voltage probes that were used in testing 
the high voltage generators and for calibrating the Loughborough electro-optic 
probes. The section also describes a typical current transformer. 
11.5.1. Northstar 100 kV probe 
Manufactured by Northstar Research lnc, USA, and distributed by Pulsed Power 
Measurements in the UK, the PYM-6 probe shows in F ig 11.5.1.1 is a compensated 
resistive divider with a capacitive divider in parallel. It has a voltage rating of 100 kV 
pulsed and 60 kV DC, a bandwidth of up to 90 MHz and a rise time of about 5 ns, 
with an input capacitance of about 5 pF. The resistive divider chain gives it the 
capability of measuring DC voltages, whilst the higher frequency signals are 
measured by the capacitive divider chain. The probe also has in built compensation to 
reduce any transmission effect reflections on the 30 feet of co-axial cable (93 0 
impedance) that is provided with it. 
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Fig 11 .5 .1 .1 - Schematic for the Northstar PVM6 probe. 
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The attenuation ratio of the probe is fixed at 2000 : 1 and it connects directly into the 
1 Mf2 input of an oscilloscope. e h is 6 pF, Rh is 980 Mn, while CL is 12 nF and RL is 
475 kQ, thereby maintaining the relationship ofR1C1 = R2C2 which is derived latter in 
this chapter. 
The derating curve provided by the manufacturer for the PV -6 probe is shown in Fig 
11 .5.1.2. This clearly indicates a very poor performance at high frequencies, although 
the derating curve is only needed if the probe is used for measuring continuous signals 
at the stated frequencies. The derating comes about due to the physically large size of 
the probe and for single-shot applications derating curves are unnecessary. In addition 
to this a resistive divider is very poor in performance at high frequencies, since the 
Nylon used for the main body of the probe does not maintain its electric permitivity 
under these conditions. Furthennore, the 30 foot of cable seriously degrades the 
performance of the probe. This clearly emphasises the need to use the right material 
and to pay particular attention to the way that the divider is connected to a measuring 
device. 
Even though the probe can onJy measure a maximum of 100 kV, it is approximately 3 
times bigger physically than the 60 kV opto-electronic probe of Section 7 .1. 
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Fig 11 .5.1 .2- De-rating curve for the PVM-6. 
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11.5.2. Northstar 500 kV probe 
Unlike its 100 kV predecessor, the probe is a pure capacitive divider and it cannot 
therefore measure either DC or low-frequency signals below 100 Hz. The 
manufactures state that the bandwidth is (only) 30 MHz, the rise time is 10 ns and the 
input capacitance is 8 pF. As with the PVM6, this probe can only be directly 
connected to the 1 MO input of an oscilloscope and it has an attenuation ratio of 
20,000: 1. 
11.5.3. Tektronix P6015A 40 kV probe 
The P6015A 40 kV probe shown in Fig 11.5.3.1 is a compensated resistive divider 
with a capacitive divider in paralleL It is rated for 20 kV DC measurements and 40 kV 
pulsed measurements, with a bandwidth of 75 MHz and a rise time of 4 ns. It only 
connects directly into a 1 MO input of an oscilloscope via 10 feet of cable and 
provides a fixed attenuation ratio of 1000 : 1. The input capacitance is stated as 4 pF. 
Fig 11.5.3.1 - Textronix P6015A Probe. 
11.5.4. Pearson current transformer (Model 41 0) 
Manufactured by Pearson Electronics lnc, California, USA, the current transformer 
shown in Fig 11.5.4.1 has a bandwidth of 20 MHz and a rise time of 20 ns. To 
achieve noise immunity, it is connected to the oscilloscope via a double shielded 1.5 
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m long 50 0 impedance coaxial cable. The voltage induced in the transformer due to 
the pulsed current being measured is presented across a 50 0 resistor, which is then 
connected to a 1 MO input of an oscilloscope. However, if either a long coaxial cable 
is being used, or if fast signals are being monitored, the oscilloscope input can be set 
to 50 0. Although this will halve the amplitude of the voltage trace, it will also mean 
that there are fewer reflections along the coaxial cable as the loads have been matched 
at either ends. 
The conductor carrying the current to be measured is passed through the central hole 
of the current monitor. The voltage waveform displayed on an osci lloscope is a 
faithful reproduction of the actual current waveform, within the limitations of the 30 
ns rise time of the current transformer. The voltage amplitude is related, on a linear 
basis, to the current amplitude by the sensitivity in volts-per-ampere, which in the 
case of this model is 0.01 V/A. 
1pfor 
scale 
Fig 11 .5 .4.1 - Pearson current transfonner (model 41 0). 
11.6. Mathematical derivations 
double shielded 
coaxial cable 
For the compensated resistive divider ofFig 2.2.2 to work correctly at all frequencies 
the conditions R 1C1 = R2C2 has to hold, as is shown below. 
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Expressing the attenuation ra6o equation (V 1N 2) of the divider in terms of resistance 
and capacitance at a frequency w gives 
R.(-- J- ) 
roe. 
R. --J-
V2 roe. 
= ------.----~----.-
v. R.(- - J- ) R2(- - J- ) 
roe1 roe2 
. + ----=---
R . _ _ J_ R
2 
_ _ J_ 
roe1 roe2 
Multiplying throughout by (R1 
simplifies equation (11 .6. 1) to: 
(11.6.1) 
_J_) and then agam by w2e1e2, 
roC 2 
(11.6.2) 
At DC conditions w = 0, and equation (11 .6.2) becomes: 
(11.6.3) 
confirming again that during DC conditions current only flows through the resistive 
branch. 
At very high frequency condjtions w = eo, which when substituted into equation 
(11.6.2) gives: 
V2 (eo)= R • (R2roe2) = C2 
V. R1(R2roe2)+R2(R1roe.) C1+C2 
(11.6.4) 
confirming that at very high frequency current will almost entirely flow through the 
capacitive branch. 
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However, the initial equation 11.6.1 is clearly independent of w under the condition 
R tCt = R2C2, when 
(11.6.5) 
11.7. Pockels cell electro-optic effect and tensor (r63) for the KD*P family. 
The synthesis of KD*P is carried out by dissolving P205 in D20 to form a solution of 
D3P04, dissolving K2C03 in D20 and then slowly mixing the two solutions to a final 
pH of 2. The solution is kept at 50 oc and growth of the crystal is approximately 0.4 
rnrnlday in the z direction. Initially all raw materials must be rigorously dried in order 
to eliminate H20, because partially hydrated ions tend to associate to variable extents 
and this makes the growth process both defective and non-reproducible. Better than 
98 % deuteration is seldom achieved on a large scale. KD*P is a member of a group 
of components with the general fonnula AB2C04, where A = alkali metal, B = H 
(hydrogen) or D (deuterium) and C = P (potassium) or As (astatine) . The lattice of the 
KDP consists of P04 groups, with the 0 atoms at the corners of a tetrahedron 
surrounding P atoms, and the K+ ions distributed around them. The tetrahedra are 
linked by the H or D atoms, which oscillate about the midpoint between the 0 atoms 
of adjacent tetrahedra. When a longitudinal electric field is applied to the Cell the P 
and K atoms are displaced in opposite senses parallel to the axis of the applied field, 
while the H or D atoms move more towards two of the 0 atoms rather than staying at 
the mid-point of all four 0 atoms. The polarity of the applied electric field governs 
which two 0 atoms the H or D atoms move towards. The displacement of all these 
atoms when a longitudinal electric field is applied induces a birefriengence in the 
plane of the KDP, thereby resulting in the Pockels effect. 
The reason for introducing high levels of deuterium is because it is more susceptible 
to an electric field than is hydrogen, which reduces the voltage required to cause a 
change in the crystal. Moreover deuterium also gives the Cell thermal stability, 
ensuring that the electro-optic coefficient is linear between 20 ·c and 80 ·c. Thus 
most commercial longitudinal Pockels Cells are made from KD*P. 
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Because a single crystal is inherently symmetrical, it presents the same aspect from a 
number of different directions. The properties of single crystals will generally depend 
on the direction in which the properties are measured. However, as a result of the 
crystal symmetry, there will be different directions in which the physical properties of 
the crystal are the same. Great simplification is obtained in any formulation of the 
physical properties of the crystal by exploiting the inherent symmetry. 
The definition of a tensor is any coefficient that describes a transformation. Thus 
coefficients such as thermal conductivity, thermal resistivity, electrical conductivity, 
electrical resistivity to name a few are classed as tensors. The electro-optic coefficient 
for the Pockets cell is a second-rank tensor, since the electric displacement in a 
particular direction may be affected by the fields in that and the two perpendicular 
directions (i and j) and need to be resolved to produce an overall displacement. The 
tensor is thus represented in terms of rij and relates the change of the refractive index 
ni to the applied electric field Ej and is defined as: 
(11.7.1) 
where i = 1,2 . .. ,6 and j = 1,2,3 
The electro-optic tensor rij (where i = 1,2 ... ,6 and j = 1 ,2,3) has a matrix form [ 4.1 8 
rll rl2 rll 
r21 r22 r23 
and 4.19] of r = rl l rn r33 
r41 r42 r43 
rs1 rs2 rsJ 
r61 r62 r63 
Although 18 such coefficients exists because the Pockets crystal is symmetrical, the 
18 coefficients simply resolve to 9 since r13 = r31• Use of any particular component 
from the matrix for substituting in equation 11.7 .1 depends on the crystal composition 
and the type ofPockels effect it exhibits. 
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An extensive table published by D R Lovett [ 4.19] shows the particular component or 
components to be used for a certain crystal. Only the tensors r41 , r52 and r63 indicate a 
measurable longitudinal effect, with the remainder having significant measurable 
effect only in the transverse mode. From this table only the f6J tensor is relevant for 
the Loughborough Pockels cell, as this is the only major electro-optic tensor for the 
chemical composition of KDP or KD*P crystals.[ 4.19] 
Table 11.7.1 [4.3] lists the refractive index and r63 constant of commonly used 
crystals for the Pockels effect. The list is by no means exhaustive and the refractive 
index is only applicable when light of wavelength of 0.55 J.Lm is transmitted. 
Refractive ro 
Crystal material index p.m/V lt 10~ 
Ammonium dihydrogen phosphate (ADP) 1.53 8.5 
Potassium dihydrogen phosphate (KDP) 1.51 10.5 
Deuterated potassium dihydrogen phosphate (KD*P) 1.51 26.4 
Rubidium dihydrogen phosphate (RDP) 1.51 15 .5 
Ammonium dihydrogen arsenate (ADA) 1.58 9.2 
Potassium dihydrogen arsenate (KDA) 1.57 10.9 
Rubidium dihydrogen arsenate (RDA) 1.56 14.8 
Cesium dihydrogen arsenate (CDA) 1.57 18.6 
Deuterated cesium dihydrogen arsenate (CD* A) 1.57 36.6 
Table 1 1. 7. 1 - Electro-optic parameters of commonly used crystals. 
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12. APPENDIX 2- PUBLICATIONS 
The papers and articles published by the author during the course of the research are 
listed below. 
1) P Senior, R D Shah, B M Novae, I R Smith, "A versatile electro-optic probe 
for high-voltage pulsed applications", IEE Pulsed Power 2000 Symposium, 
Pages 13/1 - 13/4. 3rd - 4th April2000, London, UK. 
2) R D Shah, P Senior, B M Novae, I R Smith, R J Cliffe, "Opto-electronic probe 
for very-fast high-voltage pulsed application", Universities Power Engineering 
Conference 2000. Paper number 35. 5th - 91h September 2000, Belfast, UK. 
3) R D Shah, R J Cliffe, I R Smith, "Simple and compact high voltage generator 
for laboratory use", lEE Pulsed Power 2001 Symposium. 1st - 2"d May 2001, 
London, UK. 
4) J. Larour, P. Choi , I.R. Smith, B. M. Novae and R. D. Shah, "Comparative 
measurements of transient anodic voltage in a modified plasma focus", lEE 
Pulsed Power 2001 Symposium, 1st_ 2"d May 2001, London, UK. 
5) R D Shah, R J Cliffe, P Senior, B M Novae, I R Smith, "An ultra-fast probe 
for high-voltage pulsed measurements", 2001 IEEE Pulsed Power Plasma 
Science Conference, 15th- 22"d June2001, Las Vegas, USA. 
6) I R Smith, R J Cliffe, M C Enache, S-E Goh, K Gregory, H M Meese, B M 
Novae, P Senior, R D Shah, P Stevenson and HR Stewardson, "Pulsed power 
research at Loughborough University" , 2001 IEEE Pulsed Power Plasma 
Science Conference, 15th- 22"d June 2001, Las Vegas, USA. 
7) R D Shah, R J Cliffe, I R Smith, B M Novae and P Senior, "An ultra-fast 
electro-optic probe for 500 kV pulsed vo ltage measurements", Measurement 
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Science and Technology Vol 13, No 2, 2002 pp 226-228. Institute of Physics 
Publishing Ltd, UK. 
8) R D Shah, R J Cliffe, I R Smith, B M Novae and P Senior, "Eiectro-optic 
measurements of 500 kV pulsed voltages" IEEE Transactions on Plasma 
Science, Vol 30, No 5, 2002, pp 1950 - 1954. 
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13. CONCLUSION 
This research programme was intended to design, manufacture and test a range of 
electro-optic high voltages probes that could measure nano-second rise time pulses of 
up to 500 kV, although during the course of the research a number of other support 
systems had to be provided. As like with any research, there was always the need to 
experiment with ideas, prove theories and gain more knowledge, which led to the 
production of a number of electro-optic voltage probes, pulse transformers, power 
supplies and monitoring equipment. The years spent undertaking the research at 
Loughborough University were very exciting times, as access was avai lable to some 
very sophisticated equipment and guidance was always freely available from the 
enthusiastic and very knowledgeable researchers at the University. 
All the knowledge gained during this time has been detailed in this thesis. 
Members of the Pulsed Power Group at Loughborough now make active use of the 
electro-optic probes to measure high voltages during their experimentation. In 
addition to this, the high voltage transformers and the DC power supplies are being 
used for high-voltage generation and high voltage breakdown testing. In addition to 
this, the I 00 kV divider is now permanently installed on the plasma focus device at 
Ecole Polythecnique in Lozer, France. 
Most parts of the research programme have been published in prestigious 
international conferences and symposia or in high quality academic journals, so that 
the research has already been scrutinised and accepted by peers in the international 
pulsed power community. Very much interest from elsewhere has been generated by 
the various publications, and a number research institutes and private companies from 
around the world have made contact with the Pulsed Power group to obtain detailed 
information on the various aspects of design, manufacture and application of the 
probes. 
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